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Preface 


Here are my online notes for my differential equations course that I teach here at Lamar 
University. Despite the fact that these are my “class notes”, they should be accessible to anyone 
wanting to learn how to solve differential equations or needing a refresher on differential 
equations. 


I’ve tried to make these notes as self contained as possible and so all the information needed to 
read through them is either from a Calculus or Algebra class or contained in other sections of the 


notes. 


A couple of warnings to my students who may be here to get a copy of what happened on a day 
that you missed. 


1. 


Because I wanted to make this a fairly complete set of notes for anyone wanting to learn 
differential equations I have included some material that I do not usually have time to 
cover in class and because this changes from semester to semester it is not noted here. 
You will need to find one of your fellow class mates to see if there is something in these 
notes that wasn’t covered in class. 


In general I try to work problems in class that are different from my notes. However, 
with Differential Equation many of the problems are difficult to make up on the spur of 
the moment and so in this class my class work will follow these notes fairly close as far 
as worked problems go. With that being said I will, on occasion, work problems off the 
top of my head when I can to provide more examples than just those in my notes. Also, I 
often don’t have time in class to work all of the problems in the notes and so you will 
find that some sections contain problems that weren’t worked in class due to time 
restrictions. 


Sometimes questions in class will lead down paths that are not covered here. I try to 
anticipate as many of the questions as possible in writing these up, but the reality is that I 
can’t anticipate all the questions. Sometimes a very good question gets asked in class 
that leads to insights that ve not included here. You should always talk to someone who 
was in class on the day you missed and compare these notes to their notes and see what 
the differences are. 


This is somewhat related to the previous three items, but is important enough to merit its 
own item. THESE NOTES ARE NOT A SUBSTITUTE FOR ATTENDING CLASS!! 
Using these notes as a substitute for class is liable to get you in trouble. As already noted 
not everything in these notes is covered in class and often material or insights not in these 
notes is covered in class. 
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Here is a listing and brief description of the material in this set of notes. 


Basic Concepts 
Definitions — Some of the common definitions and concepts in a differential 


equations course 

Direction Fields — An introduction to direction fields and what they can tell us 
about the solution to a differential equation. 

Final Thoughts — A couple of final thoughts on what we will be looking at 
throughout this course. 


First Order Differential Equations 
Linear Equations — Identifying and solving linear first order differential 


equations. 

Separable Equations — Identifying and solving separable first order differential 
equations. We’ll also start looking at finding the interval of validity from the 
solution to a differential equation. 

Exact Equations — Identifying and solving exact differential equations. We’ll 
do a few more interval of validity problems here as well. 

Bernoulli Differential Equations — In this section we’ll see how to solve the 
Bernoulli Differential Equation. This section will also introduce the idea of 
using a substitution to help us solve differential equations. 

Substitutions — We’ll pick up where the last section left off and take a look at a 
couple of other substitutions that can be used to solve some differential equations 
that we couldn’t otherwise solve. 

Intervals of Validity — Here we will give an in-depth look at intervals of validity 
as well as an answer to the existence and uniqueness question for first order 
differential equations. 

Modeling with First Order Differential Equations — Using first order 
differential equations to model physical situations. The section will show some 
very real applications of first order differential equations. 

Equilibrium Solutions — We will look at the behavior of equilibrium solutions 
and autonomous differential equations. 

Euler’s Method — In this section we’ll take a brief look at a method for 
approximating solutions to differential equations. 


Second Order Differential Equations 
Basic Concepts — Some of the basic concepts and ideas that are involved in 
solving second order differential equations. 
Real Roots — Solving differential equations whose characteristic equation has 
real roots. 
Complex Roots — Solving differential equations whose characteristic equation 
complex real roots. 
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Repeated Roots — Solving differential equations whose characteristic equation 
has repeated roots. 

Reduction of Order — A brief look at the topic of reduction of order. This will 
be one of the few times in this chapter that non-constant coefficient differential 
equation will be looked at. 

Fundamental Sets of Solutions — A look at some of the theory behind the 
solution to second order differential equations, including looks at the Wronskian 
and fundamental sets of solutions. 

More on the Wronskian — An application of the Wronskian and an alternate 
method for finding it. 

Nonhomogeneous Differential Equations — A quick look into how to solve 
nonhomogeneous differential equations in general. 

Undetermined Coefficients — The first method for solving nonhomogeneous 
differential equations that we’ll be looking at in this section. 

Variation of Parameters — Another method for solving nonhomogeneous 
differential equations. 

Mechanical Vibrations — An application of second order differential equations. 
This section focuses on mechanical vibrations, yet a simple change of notation 
can move this into almost any other engineering field. 


Laplace Transforms 
The Definition — The definition of the Laplace transform. We will also compute 


a couple Laplace transforms using the definition. 

Laplace Transforms — As the previous section will demonstrate, computing 
Laplace transforms directly from the definition can be a fairly painful process. In 
this section we introduce the way we usually compute Laplace transforms. 
Inverse Laplace Transforms — In this section we ask the opposite question. 
Here’s a Laplace transform, what function did we originally have? 

Step Functions — This is one of the more important functions in the use of 
Laplace transforms. With the introduction of this function the reason for doing 
Laplace transforms starts to become apparent. 

Solving IVP’s with Laplace Transforms — Here’s how we used Laplace 
transforms to solve IVP’s. 

Nonconstant Coefficient IVP’s — We will see how Laplace transforms can be 
used to solve some nonconstant coefficient IVP’s 

IVP’s with Step Functions — Solving IVP’s that contain step functions. This is 
the section where the reason for using Laplace transforms really becomes 
apparent. 

Dirac Delta Function — One last function that often shows up in Laplace 
transform problems. 

Convolution Integral — A brief introduction to the convolution integral and an 
application for Laplace transforms. 

Table of Laplace Transforms — This is a small table of Laplace Transforms that 
we’ ll be using here. 


Systems of Differential Equations 
Review : Systems of Equations — The traditional starting point for a linear 


algebra class. We will use linear algebra techniques to solve a system of 
equations. 

Review : Matrices and Vectors — A brief introduction to matrices and vectors. 
We will look at arithmetic involving matrices and vectors, inverse of a matrix, 
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determinant of a matrix, linearly independent vectors and systems of equations 
revisited. 

Review : Eigenvalues and Eigenvectors — Finding the eigenvalues and 
eigenvectors of a matrix. This topic will be key to solving systems of differential 
equations. 

Systems of Differential Equations — Here we will look at some of the basics of 
systems of differential equations. 

Solutions to Systems — We will take a look at what is involved in solving a 
system of differential equations. 

Phase Plane — A brief introduction to the phase plane and phase portraits. 

Real Eigenvalues — Solving systems of differential equations with real 
eigenvalues. 

Complex Eigenvalues — Solving systems of differential equations with complex 
eigenvalues. 

Repeated Eigenvalues — Solving systems of differential equations with repeated 
eigenvalues. 

Nonhomogeneous Systems — Solving nonhomogeneous systems of differential 
equations using undetermined coefficients and variation of parameters. 

Laplace Transforms — A very brief look at how Laplace transforms can be used 
to solve a system of differential equations. 

Modeling — In this section we’ll take a quick look at some extensions of some of 
the modeling we did in previous sections that lead to systems of equations. 


Series Solutions 
Review : Power Series — A brief review of some of the basics of power series. 
Review : Taylor Series — A reminder on how to construct the Taylor series for a 
function. 
Series Solutions — In this section we will construct a series solution for a 
differential equation about an ordinary point. 
Euler Equations — We will look at solutions to Euler’s differential equation in 
this section. 


Higher Order Differential Equations 


Basic Concepts for n Order Linear Equations — We’|I start the chapter off 
with a quick look at some of the basic ideas behind solving higher order linear 


differential equations. 

Linear Homogeneous Differential Equations — In this section we’ll take a look 
at extending the ideas behind solving 2™ order differential equations to higher 
order. 

Undetermined Coefficients — Here we’ll look at undetermined coefficients for 
higher order differential equations. 

Variation of Parameters — We'll look at variation of parameters for higher 
order differential equations in this section. 

Laplace Transforms — In this section we’re just going to work an example of 
using Laplace transforms to solve a differential equation on a 3" order 
differential equation just so say that we looked at one with order higher than 2". 
Systems of Differential Equations — Here we’ll take a quick look at extending 
the ideas we discussed when solving 2 x 2 systems of differential equations to 
systems of size 3 x 3. 
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Series Solutions — This section serves the same purpose as the Laplace 
Transform section. It is just here so we can say we’ve worked an example using 
series solutions for a differential equations of order higher than 2". 


Boundary Value Problems & Fourier Series 
Boundary Value Problems — In this section we’ll define the boundary value 
problems as well as work some basic examples. 
Eigenvalues and Eigenfunctions — Here we’ll take a look at the eigenvalues and 
eigenfunctions for boundary value problems. 
Periodic Functions and Orthogonal Functions — We’1 take a look at periodic 
functions and orthogonal functions in section. 
Fourier Sine Series — In this section we’ ll start looking at Fourier Series by 
looking at a special case : Fourier Sine Series. 
Fourier Cosine Series — We’!I continue looking at Fourier Series by taking a 
look at another special case : Fourier Cosine Series. 
Fourier Series — Here we will look at the full Fourier series. 
Convergence of Fourier Series — Here we’ ll take a look at some ideas involved 
in the just what functions the Fourier series converge to as well as differentiation 
and integration of a Fourier series. 


Partial Differential Equations 
The Heat Equation — We do a partial derivation of the heat equation in this 


section as well as a discussion of possible boundary values. 

The Wave Equation — Here we do a partial derivation of the wave equation. 
Terminology — In this section we take a quick look at some of the terminology 
used in the method of separation of variables. 

Separation of Variables — We take a look at the first step in the method of 
separation of variables in this section. This first step is really the step that 
motivates the whole process. 

Solving the Heat Equation — In this section we go through the complete 
separation of variables process and along the way solve the heat equation with 
three different sets of boundary conditions. 

Heat Equation with Non-Zero Temperature Boundaries — Here we take a 
quick look at solving the heat equation in which the boundary conditions are 
fixed, non-zero temperature conditions. 

Laplace’s Equation — We discuss solving Laplace’s equation on both a 
rectangle and a disk in this section. 

Vibrating String — Here we solve the wave equation for a vibrating string. 
Summary of Separation of Variables — In this final section we give a quick 
summary of the method of separation of variables. 
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Basic Concepts 


Introduction 


There isn’t really a whole lot to this chapter it is mainly here so we can get some basic definitions 
and concepts out of the way. Most of the definitions and concepts introduced here can be 
introduced without any real knowledge of how to solve differential equations. Most of them are 
terms that we’ll use throughout a class so getting them out of the way right at the beginning is a 
good idea. 


During an actual class I tend to hold off on a couple of the definitions and introduce them at a 
later point when we actually start solving differential equations. The reason for this is mostly a 
time issue. In this class time is usually at a premium and some of the definitions/concepts require 
a differential equation and/or its solution so I use the first couple differential equations that we 
will solve to introduce the definition or concept. 


Here is a quick list of the topics in this Chapter. 


Definitions — Some of the common definitions and concepts in a differential equations 
course 


Direction Fields — An introduction to direction fields and what they can tell us about the 
solution to a differential equation. 


Final Thoughts — A couple of final thoughts on what we will be looking at throughout 
this course. 
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Definitions 


Differential Equation 

The first definition that we should cover should be that of differential equation. A differential 
equation is any equation which contains derivatives, either ordinary derivatives or partial 
derivatives. 


There is one differential equation that everybody probably knows, that is Newton’s Second Law 
of Motion. If an object of mass m is moving with acceleration a and being acted on with force F 
then Newton’s Second Law tells us. 

F=ma (1) 


To see that this is in fact a differential equation we need to rewrite it a little. First, remember that 
we can rewrite the acceleration, a, in one of two ways. 
dv d°u 
a=— OR a=—> (2) 
dt dt 


Where v is the velocity of the object and u is the position function of the object at any time t. We 
should also remember at this point that the force, F may also be a function of time, velocity, 
and/or position. 


So, with all these things in mind Newton’s Second Law can now be written as a differential 
equation in terms of either the velocity, v, or the position, u, of the object as follows. 


dv 
—=Fi(t, 3 
ser (t,v) (3) 
d°u du 
Sayor t= t, ogo 4 
aC i *) i 


So, here is our first differential equation. We will see both forms of this in later chapters. 


Here are a few more examples of differential equations. 


ay"+by'+cy= g(t) (5) 
. d°y dy 2-5 
aid +ye” 6 
sin (y) dx? ( y) dx a4 ( ) 
y +10y"—4y'+ 2y =cos(t) (7) 
Ou Ou 
2 
Pie 8 
Ope BE ®) 
Piecsu, (9) 
3 
ON aed (10) 
O° xot Oy 


Order 
The order of a differential equation is the largest derivative present in the differential equation. In 
the differential equations listed above (3) is a first order differential equation, (4), (5), (6), (8), 
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and (9) are second order differential equations, (10) is a third order differential equation and (7) is 
a fourth order differential equation. 


Note that the order does not depend on whether or not you’ve got ordinary or partial derivatives 
in the differential equation. 


We will be looking almost exclusively at first and second order differential equations in these 
notes. As you will see most of the solution techniques for second order differential equations can 
be easily (and naturally) extended to higher order differential equations and we’ll discuss that 
idea later on. 


Ordinary and Partial Differential Equations 

A differential equation is called an ordinary differential equation, abbreviated by ode, if it has 
ordinary derivatives in it. Likewise, a differential equation is called a partial differential 
equation, abbreviated by pde, if it has partial derivatives in it. In the differential equations above 
(3) - (7) are ode’s and (8) - (10) are pde’s. 


The vast majority of these notes will deal with ode’s. The only exception to this will be the last 
chapter in which we’ll take a brief look at a common and basic solution technique for solving 
pde’s. 


Linear Differential Equations 
A linear differential equation is any differential equation that can be written in the following 
form. 


a, (t)y” (t)+4,_, (t)y" (t)+---+a,(t)y'(t)+ a(t) y(t) =2(t) (11) 


The important thing to note about linear differential equations is that there are no products of the 
function, y(t) , and its derivatives and neither the function or its derivatives occur to any power 


other than the first power. 


The coefficients a, (t) aa, (t) and g (t) can be zero or non-zero functions, constant or non- 


constant functions, linear or non-linear functions. Only the function, y (t) , and its derivatives are 


used in determining if a differential equation is linear. 


If a differential equation cannot be written in the form, (11) then it is called a non-linear 
differential equation. 


In (5) - (7) above only (6) is non-linear, the other two are linear differential equations. We can’t 
classify (3) and (4) since we do not know what form the function F has. These could be either 
linear or non-linear depending on F. 


Solution 
A solution to a differential equation on an interval a <t< f is any function y (t) which 
satisfies the differential equation in question on the interval a <t< f. It is important to note 


that solutions are often accompanied by intervals and these intervals can impart some important 
information about the solution. Consider the following example. 
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3 
2. 


Example I Show that y(x)= x ? isasolution to 4x°y"+12xy'+3y=0 for x>0. 


Solution We’ll need the first and second derivative to do this. 
5 
15 


y(s)a-px? y'()= 


Plug these as well as the function into the differential equation. 


ms _5 3 
a Bs *}rtas(-3s ‘fea '}-0 


=3 23 3 
15x 7-18x 2+3x 27=0 
0=0 


3 
So, y (x) =x * does satisfy the differential equation and hence is a solution. Why then did I 


include the condition that x >0? I did not use this condition anywhere in the work showing that 
the function would satisfy the differential equation. 


To see why recall that 


In this form it is clear that we’ll need to avoid x = 0 at the least as this would give division by 
zero. 


Also, there is a general rule of thumb that we’re going to run with in this class. This rule of 
thumb is : Start with real numbers, end with real numbers. In other words, if our differential 
equation only contains real numbers then we don’t want solutions that give complex numbers. 
So, in order to avoid complex numbers we will also need to avoid negative values of x. 


So, we saw in the last example that even though a function may symbolically satisfy a differential 
equation, because of certain restrictions brought about by the solution we cannot use all values of 
the independent variable and hence, must make a restriction on the independent variable. This 
will be the case with many solutions to differential equations. 


In the last example, note that there are in fact many more possible solutions to the differential 
equation given. For instance all of the following are also solutions 
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I'll leave the details to you to check that these are in fact solutions. Given these examples can 
you come up with any other solutions to the differential equation? There are in fact an infinite 
number of solutions to this differential equation. 


So, given that there are an infinite number of solutions to the differential equation in the last 
example (provided you believe me when I say that anyway....) we can ask a natural question. 
Which is the solution that we want or does it matter which solution we use? This question leads 
us to the next definition in this section. 


Initial Condition(s) 

Initial Condition(s) are a condition, or set of conditions, on the solution that will allow us to 
determine which solution that we are after. Initial conditions (often abbreviated i.c.’s when I’m 
feeling lazy...) are of the form, 


y(t,)=¥ and/or ~—y“) ()=% 


So, in other words, initial conditions are values of the solution and/or its derivative(s) at specific 
points. As we will see eventually, solutions to “nice enough” differential equations are unique 
and hence only one solution will meet the given conditions. 


The number of initial conditions that are required for a given differential equation will depend 
upon the order of the differential equation as we will see. 


3 
, 1 
Example 2. y(x)=x ? isasolution to 4x°y"+12xy'+3y=0, ie) and 


3 
‘(4)=-—. 
A aa 
Solution As we saw in previous example the function is a solution and we can then note that 
3 
-= 1 1 
y (4) =a => 8 
(v4) 
3.2. 3 1 3 
pA) = a 
2 2 ( V4 64 
and so this solution also meets the initial conditions of y(4) =+ and y’ (4) = —Z. In fact, 


3 
y (x) =x ? is the only solution to this differential equation that satisfies these two initial 


conditions. 


Initial Value Problem 
An Initial Value Problem (or IVP) is a differential equation along with an appropriate number 
of initial conditions. 


Example 3 The following is an IVP. 
4x’ y"+12xy'+3y =0 y(4)= 
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Example 4 Here’s another IVP. 
2ty'+4y =3 y(1)=-4 


As I noted earlier the number of initial conditions required will depend on the order of the 
differential equation. 


Interval of Validity 
The interval of validity for an IVP with initial condition(s) 
k 
¥(b)= Yo and/or )(t,) =) 
is the largest possible interval on which the solution is valid and contains ¢,. These are easy to 


define, but can be difficult to find, so I’m going to put off saying anything more about these until 
we get into actually solving differential equations and need the interval of validity. 


General Solution 
The general solution to a differential equation is the most general form that the solution can take 
and doesn’t take any initial conditions into account. 


3 
Example 5 y (t) = ri ae is the general solution to 


2ty'+4y=3 


I’ll leave it to you to check that this function is in fact a solution to the given differential equation. 
In fact, all solutions to this differential equation will be in this form. This is one of the first 
differential equations that you will learn how to solve and you will be able to verify this shortly 
for yourself. 


Actual Solution 
The actual solution to a differential equation is the specific solution that not only satisfies the 
differential equation, but also satisfies the given initial condition(s). 


Example 6 What is the actual solution to the following IVP? 
2ty'+4y =3 y(l)=-4 


Solution This is actually easier to do than it might at first appear. From the previous example we 
already know (well that is provided you believe my solution to this example...) that all solutions 
to the differential equation are of the form. 
a 1e 
sO aria 
All that we need to do is determine the value of c that will give us the solution that we’re after. 
To find this all we need do is use our initial condition as follows. 


3 ¢ 
Ae era 4. 4 
So, the actual solution to the IVP is. 
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From this last example we can see that once we have the general solution to a differential 
equation finding the actual solution is nothing more than applying the initial condition(s) and 
solving for the constant(s) that are in the general solution. 


Implicit/Explicit Solution 
In this case it’s easier to define an explicit solution, then tell you what an implicit solution isn’t, 
and then give you an example to show you the difference. So, that’s what I’1l do. 


An explicit solution is any solution that is given in the form y= y (t) . In other words, the only 


place that y actually shows up is once on the left side and only raised to the first power. An 
implicit solution is any solution that isn’t in explicit form. Note that it is possible to have either 
general implicit/explicit solutions and actual implicit/explicit solutions. 


Example 7 y? =t? —3 is the actual implicit solution to y’ = a y(2) =—] 
4 


At this point I will ask that you trust me that this is in fact a solution to the differential equation. 
You will learn how to get this solution in a later section. The point of this example is that since 


there isa y° on the left side instead of a single y (t) this is not an explicit solution! 


Example 8 Find an actual explicit solution to y’ = ne y(2) =-1l. 
4 


Solution We already know from the previous example that an implicit solution to this IVP is 
y? =t’ —3. To find the explicit solution all we need to do is solve for y(t). 


y(t)=4vP -3 


Now, we’ve got a problem here. There are two functions here and we only want one and in fact 
only one will be correct! We can determine the correct function by reapplying the initial 
condition. Only one of them will satisfy the initial condition. 

In this case we can see that the ‘“‘-“ 
then 


solution will be the correct one. The actual explicit solution is 


y(t)=-VP -3 


In this case we were able to find an explicit solution to the differential equation. It should be 
noted however that it will not always be possible to find an explicit solution. 


Also, note that in this case we were only able to get the explicit actual solution because we had 
the initial condition to help us determine which of the two functions would be the correct 


solution. 


We’ve now gotten most of the basic definitions out of the way and so we can move onto other 
topics. 
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Direction Fields 


This topic is given its own section for a couple of reasons. First, understanding direction fields 
and what they tell us about a differential equation and its solution is important and can be 
introduced without any knowledge of how to solve a differential equation and so can be done here 
before we get into solving them. So, having some information about the solution to a differential 
equation without actually having the solution is a nice idea that needs some investigation. 


Next, since we need a differential equation to work with this is a good section to show you that 
differential equations occur naturally in many cases and how we get them. Almost every physical 
situation that occurs in nature can be described with an appropriate differential equation. The 
differential equation may be easy or difficult to arrive at depending on the situation and the 
assumptions that are made about the situation and we may not ever be able to solve it, however it 
will exist. 


The process of describing a physical situation with a differential equation is called modeling. We 
will be looking at modeling several times throughout this class. 


One of the simplest physical situations to think of is a falling object. So let’s consider a falling 
object with mass m and derive a differential equation that, when solved, will give us the velocity 
of the object at any time, t. We will assume that only gravity and air resistance will act upon the 
object as it falls. Below is a figure showing the forces that will act upon the object. 


fi 
m 
fg 


Before defining all the terms in this problem we need to set some conventions. We will assume 
that forces acting in the downward direction are positive forces while forces that act in the 
upward direction are negative. Likewise, we will assume that an object moving downward (i.e. a 
falling object) will have a positive velocity. 


Now, let’s take a look at the forces shown in the diagram above. F’, is the force due to gravity 
and is given by F =mg where g is the acceleration due to gravity. In this class I use g = 9.8 
m/s? or g = 32 ft/s? depending on whether we will use the metric or British system. F’, is the 
force due to air resistance and for this example we will assume that it is proportional to the 
velocity, v, of the mass. Therefore the force due to air resistance is then given by F', =—yv, 
where vy >0. Note that the “—” is required to get the correct sign on the force. Both y and v are 


oe 99 


positive and the force is acting upward and hence must be negative. The 
correct sign and hence direction for this force. 


will give us the 


Recall from the previous section that Newton’s Second Law of motion can be written as 


dy 
—=-fF 
m a (t,v) 


where F(t,v) is the sum of forces that act on the object and may be a function of the time ¢ and the 
velocity of the object, v. For our situation we will have two forces acting on the object gravity, 
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Fi, = mg . acting in the downward direction and hence will be positive, and air resistance, 


F,=—yv, acting in the upward direction and hence will be negative. Putting all of this together 
into Newton’s Second Law gives the following. 


m Des mg-—yv 
ae 
To simplify the differential equation let’s divide out the mass, m. 
dv vv 
BE spies 1 
Pe ae (1) 


This then is a first order linear differential equation that, when solved, will give the velocity, v (in 
m/s), of a falling object of mass m that has both gravity and air resistance acting upon it. 


In order to look at direction fields (that is after all the topic of this section...) it would be helpful 
to have some numbers for the various quantities in the differential equation. So, let’s assume that 
we have a mass of 2 kg and that y = 0.392. Plugging this into (1) gives the following differential 

equation. 


B98 4969 (2) 
dt 


Let's take a geometric view of this differential equation. Let's suppose that for some time, ¢, the 
velocity just happens to be v= 30 m/s. Note that we’re not saying that the velocity ever will be 
30 m/s. All that we’re saying is that let’s suppose that by some chance the velocity does happen 
to be 30 m/s at some time ft. So, if the velocity does happen to be 30 m/s at some time ¢ we can 
plug v = 30 into (2) to get. 


we 3.92 
dt 


Recall from your Calculus I course that a positive derivative means that the function in question, 
the velocity in this case, is increasing, so if the velocity of this object is ever 30m/s for any time t¢ 
the velocity must be increasing at that time. 


Also, recall that the value of the derivative at a particular value of t¢ gives the slope of the tangent 
line to the graph of the function at that time, ¢. So, if for some time ¢ the velocity happens to be 
30 m/s the slope of the tangent line to the graph of the velocity is 3.92. 


We could continue in this fashion and pick different values of v and compute the slope of the 
tangent line for those values of the velocity. However, let's take a slightly more organized 
approach to this. Let's first identify the values of the velocity that will have zero slope or 
horizontal tangent lines. These are easy enough to find. All we need to do is set the derivative 
equal to zero and solve for v. 


In the case of our example we will have only one value of the velocity which will have horizontal 
tangent lines, v = 50 m/s. What this means is that IF (again, there’s that word if), for some time ¢, 
the velocity happens to be 50 m/s then the tangent line at that point will be horizontal. What the 
slope of the tangent line is at times before and after this point is not known yet and has no bearing 
on the slope at this particular time, ¢. 
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So, if we have v = 50, we know that the tangent lines will be horizontal. We denote this on an 
axis system with horizontal arrows pointing in the direction of increasing ¢ at the level of v = 50 
as shown in the following figure. 

v(t) 


0 1 2 c - 5 


Now, let's get some tangent lines and hence arrows for our graph for some other values of v. At 
this point the only exact slope that is useful to us is where the slope horizontal. So instead of 
going after exact slopes for the rest of the graph we are only going to go after general trends in 
the slope. Is the slope increasing or decreasing? How fast is the slope increasing or decreasing? 
For this example those types of trends are very easy to get. 


First, notice that the right hand side of (2) is a polynomial and hence continuous. This means that 
it can only change sign if it first goes through zero. So, if the derivative will change signs (no 
guarantees that it will) it will do so at v = 50 and the only place that it may change sign is v = 50. 
This means that for v > 50 the slope of the tangent lines to the velocity will have the same sign. 
Likewise, for v < 50 the slopes will also have the same sign. The slopes in these ranges may have 
(and probably will) have different values, but we do know what their signs must be. 


Let's start by looking at v < 50. We saw earlier that if v = 30 the slope of the tangent line will be 
3.92, or positive. Therefore, for all values of v < 50 we will have positive slopes for the tangent 
lines. Also, by looking at (2) we can see that as v approaches 50, always staying less than 50, the 
slopes of the tangent lines will approach zero and hence flatten out. If we move v away from 50, 
staying less than 50, the slopes of the tangent lines will become steeper. If you want to get an idea 
of just how steep the tangent lines become you can always pick specific values of v and compute 
values of the derivative. For instance, we know that at v = 30 the derivative is 3.92 and so arrows 
at this point should have a slope of around 4. Using this information, we can now add in some 
arrows for the region below v = 50 as shown in the graph below. 
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Now, let’s look at v > 50. The first thing to do is to find out if the slopes are positive or negative. 
We will do this the same way that we did in the last bit, i.e. pick a value of v, plug this into (2) 
and see if the derivative is positive or negative. Note, that you should NEVER assume that the 
derivative will change signs where the derivative is zero. It is easy enough to check so you should 
always do so. 


We need to check the derivative so let's use v = 60. Plugging this into (2) gives the slope of the 
tangent line as -1.96, or negative. Therefore, for all values of v > 50 we will have negative slopes 
for the tangent lines. As with v < 50, by looking at (2) we can see that as v approaches 50, always 
staying greater than 50, the slopes of the tangent lines will approach zero and flatten out. While 
moving v away from 50 again, staying greater than 50, the slopes of the tangent lines will become 
steeper. We can now add in some arrows for the region above v = 50 as shown in the graph 
below. 

v(t) 


This graph above is called the direction field for the differential equation. 


So, just why do we care about direction fields? There are two nice pieces of information that can 
be readily found from the direction field for a differential equation. 
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1. Sketch of solutions. Since the arrows in the direction fields are in fact tangents to the 
actual solutions to the differential equations we can use these as guides to sketch the 
graphs of solutions to the differential equation. 


2. Long Term Behavior. In many cases we are less interested in the actual solutions to the 
differential equations as we are in how the solutions behave as ¢ increases. Direction 
fields, if we can get our hands on them, can be used to find information about this long 
term behavior of the solution. 


So, back to the direction field for our differential equation. Suppose that we want to know what 
the solution that has the value v(0) = 30 looks like. We can go to our direction field and start at 30 
on the vertical axis. At this point we know that the solution is increasing and that as it increases 
the solution should flatten out because the velocity will be approaching the value of v = 50. So we 
start drawing an increasing solution and when we hit an arrow we just make sure that we stay 
parallel to that arrow. This gives us the figure below. 
v(t) 
80 


Te a ee 


1 i, Sa ay Ee a | 


1 2 3 


4 


wa 


To get a better idea of how all the solutions are behaving, let's put a few more solutions in. 
Adding some more solutions gives the figure below. The set of solutions that we've graphed 
below is often called the family of solution curves or the set of integral curves. The number of 
solutions that is plotted when plotting the integral curves varies. You should graph enough 
solution curves to illustrate how solutions in all portions of the direction field are behaving. 


v(t) 
_— ——~— “=~. “=. =— = “=. “=— “= “ 
70 —— OO -_ =~—__=-_ “= “ss "= 
—_——_ —»> = —— — =— -—. — 
60 — ——— = —_ — 
—_—_— — = — = 
50 
ee = - 
40 : —S— rr —_ — 
—_ = —_— —4 ————7 
30 — ee ee = a ——= * 
an aT ——- —_—= —_—- TF 
20 —S- —_ —S- —= —SF aera 
—ae > a Fn ad oa i i 
10 a ener ee 
a ee ee ee ae. ee ae oe” | oe 
J — —I t 
1 2 3 - 5 
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Now, from either the direction field, or the direction field with the solution curves sketched in we 
can see the behavior of the solution as ¢ increases. For our falling object, it looks like all of the 
solutions will approach v = 50 as ¢ increases. 


We will often want to know if the behavior of the solution will depend on the value of (0). In 
this case the behavior of the solution will not depend on the value of v(0), but that is probably 


more of the exception than the rule so don’t expect that. 


Let’s take a look at a more complicated example. 


Example 1 Sketch the direction field for the following differential equation. Sketch the set of 
integral curves for this differential equation. Determine how the solutions behave as t — co and 
if this behavior depends on the value of (0) describe this dependency. 


y'=(y’-y-2)(I-y) 
Solution 


First, do not worry about where this differential equation came from. To be honest, we just made 
it up. It may, or may not describe an actual physical situation. 


This differential equation looks somewhat more complicated than the falling object example from 
above. However, with the exception of a little more work, it is not much more complicated. The 
first step is to determine where the derivative is zero. 


0=(y’-y-2)(1-y) 
0=(y-2)(y+1)(I-y) 


We can now see that we have three values of y in which the derivative, and hence the slope of 
tangent lines, will be zero. The derivative will be zero at y =-1, 1, and 2. So, let's start our 
direction field with drawing horizontal tangents for these values. This is shown in the figure 
below. 


ylt) 


Now, we need to add arrows to the four regions that the graph is now divided into. For each of 
these regions I will pick a value of y in that region and plug it into the right hand side of the 
differential equation to see if the derivative is positive or negative in that region. Again, to get an 
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accurate direction fields you should pick a few more values over the whole range to see how the 
arrows are behaving over the whole range. 


yet 
In this region we can use y = -2 as the test point. At this point we have y’ =36. So, tangent lines 
in this region will have very steep and positive slopes. Also as y > —1 the slopes will flatten out 


while staying positive. The figure below shows the direction fields with arrows in this region. 
p(t) 


-1<y<1 

In this region we can use y = 0 as the test point. At this point we have y’ =—2. Therefore, 
tangent lines in this region will have negative slopes and apparently not be very steep. So what do 
the arrows look like in this region? As y 1 staying less than 1 of course, the slopes should be 
negative and approach zero. As we move away from | and towards -1 the slopes will start to get 
steeper (and stay negative), but eventually flatten back out, again staying negative, as y > —1 
since the derivative must approach zero at that point. The figure below shows the direction fields 


with arrows added to this region. 
#i(t) 
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1<y<2 
In this region we will use y = 1.5 as the test point. At this point we have y’ =—0.3125. Tangent 


lines in this region will also have negative slopes and apparently not be as steep as the previous 
region. Arrows in this region will behave essentially the same as those in the previous region. 
Near y = | and y = 2 the slopes will flatten out and as we move from one to the other the slopes 
will get somewhat steeper before flattening back out. The figure below shows the direction fields 
with arrows added to this region. 

y(t) 


yr2 
In this last region we will use y = 3 as the test point. At this point we have y’=16. So, as we 


saw in the first region tangent lines will start out fairly flat near y = 2 and then as we move way 
from y = 2 they will get fairly steep. 


The complete direction field for this differential equation is shown below. 
(0) 


Here is the set of integral curves for this differential equation. Note that due to the steepness of 


the solutions in the lowest region and the software used to generate these images I was unable to 
include more than one solution curve in this region. 
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Finally, let's take a look at long term behavior of all solutions. Unlike the first example, the long 
term behavior in this case will depend on the value of y at t= 0. By examining either of the 
previous two figures we can arrive at the following behavior of solutions as t > 00. 


Value of y(0) | Behavior as t > co 
y(0)<1 yor-l 

1< y(0)<2 yl 
y(0)=2 y>2 
y(0)>2 yoo 


Do not forget to acknowledge what the horizontal solutions are doing. This is often the most 
missed portion of this kind of problem. 


In both of the examples that we've worked to this point the right hand side of the derivative has 
only contained the function and NOT the independent variable. When the right hand side of the 
differential equation contains both the function and the independent variable the behavior can be 
much more complicated and sketching the direction fields by hand can be very difficult. 
Computer software is very handy in these cases. 


In some cases they aren’t too difficult to do by hand however. Let’s take a look at the following 
example. 


Example 2 Sketch the direction field for the following differential equation. Sketch the set of 
integral curves for this differential equation. 

Y=y-x 
Solution 
To sketch direction fields for this kind of differential equation we first identify places where the 
derivative will be constant. To do this we set the derivative in the differential equation equal to a 
constant, say c. This gives us a family of equations, called isoclines, that we can plot and on each 
of these curves the derivative will be a constant value of c. 


Notice that in the previous examples we looked at the isocline for c = 0 to get the direction field 
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started. For our case the family of isoclines is. 
c=y-x 


The graph of these curves for several values of c is shown below. 


Now, on each of these lines, or isoclines, the derivative will be constant and will have a value of 
c. On the c = 0 isocline the derivative will always have a value of zero and hence the tangents will 
all be horizontal. On the c = 1 isocline the tangents will always have a slope of 1, on the c = -2 
isocline the tangents will always have a slope of -2, etc. Below are a few tangents put in for each 
of these isoclines. 
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To add more arrows for those areas between the isoclines start at say, c= 0 and move up to c= 1 
and as we do that we increase the slope of the arrows (tangents) from 0 to 1. This is shown in the 
figure below. 


/ 
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We can then add in integral curves as we did in the previous examples. This is shown in the 
figure below. 
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Final Thoughts 


Before moving on to learning how to solve differential equations we want to give a few final 
thoughts. Any differential equations course will concern itself with answering one or more of the 
following questions. 


1. 


Given a differential equation will a solution exist? 

Not all differential equations will have solutions so it’s useful to know ahead of time if 
there is a solution or not. If there isn’t a solution why waste our time trying to find 
something that doesn’t exist? 


This question is usually called the existence question in a differential equations course. 


If a differential equation does have a solution how many solutions are there? 

As we will see eventually, it is possible for a differential equation to have more than one 
solution. We would like to know how many solutions there will be for a given 
differential equation. 


There is a sub question here as well. What condition(s) on a differential equation are 
required to obtain a single unique solution to the differential equation? 


Both this question and the sub question are more important than you might realize. 
Suppose that we derive a differential equation that will give the temperature distribution 
in a bar of iron at any time ¢. If we solve the differential equation and end up with two 
(or more) completely separate solutions we will have problems. Consider the following 
situation to see this. 


If we subject 10 identical iron bars to identical conditions they should all exhibit the same 
temperature distribution. So only one of our solutions will be accurate, but we will have 
no way of knowing which one is the correct solution. 


It would be nice if, during the derivation of our differential equation, we could make sure 
that our assumptions would give us a differential equation that upon solving will yield a 
single unique solution. 


This question is usually called the uniqueness question in a differential equations 
course. 


If a differential equation does have a solution can we find it? 

This may seem like an odd question to ask and yet the answer is not always yes. Just 
because we know that a solution to a differential equations exists does not mean that we 
will be able to find it. 


In a first course in differential equations (such as this one) the third question is the question that 
we will concentrate on. We will answer the first two questions for special, and fairly simple, 
cases, but most of our efforts will be concentrated on answering the third question for as wide a 
variety of differential equations as possible. 
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First Order Differential Equations 


Introduction 


In this chapter we will look at solving first order differential equations. The most general first 
order differential equation can be written as, 


cla 
pty) (1) 


As we will see in this chapter there is no general formula for the solution to (1). What we will do 
instead is look at several special cases and see how to solve those. We will also look at some of 
the theory behind first order differential equations as well as some applications of first order 
differential equations. Below is a list of the topics discussed in this chapter. 


Linear Equations — Identifying and solving linear first order differential equations. 


Separable Equations — Identifying and solving separable first order differential 
equations. We’ll also start looking at finding the interval of validity from the solution to 
a differential equation. 


Exact Equations — Identifying and solving exact differential equations. We’ll do a few 
more interval of validity problems here as well. 


Bernoulli Differential Equations — In this section we’ll see how to solve the Bernoulli 
Differential Equation. This section will also introduce the idea of using a substitution to 
help us solve differential equations. 


Substitutions — We’ll pick up where the last section left off and take a look at a couple of 
other substitutions that can be used to solve some differential equations that we couldn’t 
otherwise solve. 


Intervals of Validity — Here we will give an in-depth look at intervals of validity as well 
as an answer to the existence and uniqueness question for first order differential 
equations. 


Modeling with First Order Differential Equations — Using first order differential 
equations to model physical situations. The section will show some very real 


applications of first order differential equations. 


Equilibrium Solutions — We will look at the behavior of equilibrium solutions and 
autonomous differential equations. 


Euler’s Method — In this section we’ll take a brief look at a method for approximating 
solutions to differential equations. 
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Linear Differential Equations 


The first special case of first order differential equations that we will look at is the linear first 
order differential equation. In this case, unlike most of the first order cases that we will look at, 
we can actually derive a formula for the general solution. The general solution is derived below. 
However, I would suggest that you do not memorize the formula itself. Instead of memorizing the 
formula you should memorize and understand the process that I'm going to use to derive the 
formula. Most problems are actually easier to work by using the process instead of using the 
formula. 


So, let's see how to solve a linear first order differential equation. Remember as we go through 
this process that the goal is to arrive at a solution that is in the form y= y (t) . It's sometimes 


easy to lose sight of the goal as we go through this process for the first time. 
In order to solve a linear first order differential equation we MUST start with the differential 


equation in the form shown below. If the differential equation is not in this form then the process 
we're going to use will not work. 


S + p(t)y=a(t) (1) 


Where both p(t) and g(t) are continuous functions. Recall that a quick and dirty definition of a 
continuous function is that a function will be continuous provided you can draw the graph from 
left to right without ever picking up your pencil/pen. In other words, a function is continuous if 
there are no holes or breaks in it. 


Now, we are going to assume that there is some magical function somewhere out there in the 
world, 1 (t) , called an integrating factor. Do not, at this point, worry about what this function 


is or where it came from. We will figure out what (t) is once we have the formula for the 


general solution in hand. 


So, now that we have assumed the existence of (t) multiply everything in (1) by u(t) . This 


will give. 


(1) + u(0) p(t) y=a(t)a(0) Q) 


Now, this is where the magic of L(t) comes into play. We are going to assume that whatever 
L (t) is, it will satisfy the following. 
u(t) p(t)=#'() (3) 


Again do not worry about how we can finda wu (t) that will satisfy (3). As we will see, provided 


p(t) is continuous we can find it. So substituting (3) into (2) we now arrive at. 


u(t} 2+ u'(t)y=n(0)8(0) (4) 
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At this point we need to recognize that the left side of (4) is nothing more than the following 
product rule. 


So we can replace the left side of (4) with this product rule. Upon doing this (4) becomes 
(1(4) ¥() =H (0 6) 


Now, recall that we are after y(t). We can now do something about that. All we need to do is 
integrate both sides then use a little algebra and we'll have the solution. So, integrate both sides of 
(5) to get. 


Uy 


J(4(Q)¥(0) at= Jug (sae 


u(t)y t)+c= Jude t)dt (6) 


Note the constant of integration, c, from the left side integration is included here. It is vitally 
important that this be included. If it is left out you will get the wrong answer every time. 


The final step is then some ae to OC) for the Feta y(t). 


t)=[ult)g t)dt - c 
peat t) dt - c 


an 


Now, from a notational standpoint we know that the constant of integration, C, is an unknown 
constant and so to make our life easier we will absorb the minus sign in front of it into the 
constant and use a plus instead. This will NOT affect the final answer for the solution. So with 


this change we have. 
[u()g(dt+e 


y(t) = (7) 


Again, changing the sign on the constant will not affect our answer. If you choose to keep the 
minus sign you will get the same value of c as I do except it will have the opposite sign. Upon 
plugging in c we will get exactly the same answer. 


There is a lot of playing fast and loose with constants of integration in this section, so you will 
need to get used to it. When we do this we will always to try to make it very clear what is going 
on and try to justify why we did what we did. 


So, now that we’ve got a general solution to (1) we need to go back and determine just what this 
magical function (t) is. This is actually an easier process than you might think. We’ll start 
with (3). 
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Divide both sides by (t) ; 


Now, hopefully you will recognize the left side of this from your Calculus I class as nothing more 
than the following derivative. 


Uy 


(In u(t) = p(z) 


As with the process above all we need to do is integrate both sides to get. 


Inu(t)+k =f p(t)de 
In u(t)=[ p(t)dt+k 


You will notice that the constant of integration from the left side, k, had been moved to the right 
side and had the minus sign absorbed into it again as we did earlier. Also note that we’re using k 
here because we’ ve already used c and in a little bit we’ ll have both of them in the same equation. 
So, to avoid confusion we used different letters to represent the fact that they will, in all 
probability, have different values. 


Exponentiate both sides to get 1 (t) out of the natural logarithm. 


u(t) = planet 


Now, it’s time to play fast and loose with constants again. It is inconvenient to have the k in the 
exponent so we’re going to get it out of the exponent in the following way. 


i (1) 7 eae 


=e a me Recall x 


a+b = x7x? ! 

Now, let’s make use of the fact that k is an unknown constant. If £ is an unknown constant then 
so is e“ so we might as well just rename it k and make our life easier. This will give us the 
following. 


u(t)=kel (8) 


So, we now have a formula for the general solution, (7), and a formula for the integrating factor, 
(8). We do have a problem however. We’ve got two unknown constants and the more unknown 
constants we have the more trouble we’ll have later on. Therefore, it would be nice if we could 
find a way to eliminate one of them (we’lI not be able to eliminate both....). 


This is actually quite easy to do. First, substitute (8) into (7) and rearrange the constants. 
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je M e(t)dt-+c 


oie 
_kI el Me t)dt +c 
ke o 
je” t)dt+— 
i 


So, (7) can be written in such a way that the only place the two unknown constants show up is a 
ratio of the two. Then since both c and & are unknown constants so is the ratio of the two 
constants. Therefore we’ll just call the ratio c and then drop k out of (8) since it will just get 
absorbed into c eventually. 


The solution to a linear first order differential rane is then 
pleas u(t t)dt +c 


7G 7 


where, 

(10) 
Now, the reality is that (9) is not as useful as it may seem. It is often easier to just run through the 
process that got us to (9) rather than using the formula. We will not use this formula in any of my 


examples. We will need to use (10) regularly, as that formula is easier to use than the process to 
derive it. 


Solution Process 
The solution process for a first order linear differential equation is as follows. 


1. Put the differential equation in the correct initial form, (1). 
2. Find the integrating factor, (t) , using (10). 
3. Multiply everything in the differential equation by (t) and verify that the left side 


becomes the product rule ( L (t) y (t))' and write it as such. 


4. Integrate both sides, make sure you properly deal with the constant of integration. 
5. Solve for the solution y(t). 


Let’s work a couple of examples. Let’s start by solving the differential equation that we derived 
back in the Direction Field section. 
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Example 1 Find the solution to the following differential equation. 


d 
& =9.8-0.196v 
dt 
Solution 
First we need to get the differential equation in the correct form. 
dv 


— +0.196v = 9.8 
dt 


From this we can see that p(t)=0.196 and so uw (t) is then. 


7 (1) _ eee = 9.1961 


Note that officially there should be a constant of integration in the exponent from the integration. 
However, we can drop that for exactly the same reason that we dropped the & from (8). 


Now multiply all the terms in the differential equation by the integrating factor and do some 
simplification. 


eo 196r “ + 0.196e°)°y = 9. Se?! 
t 


! 
(ev) _ 9. 8e0:!96 


Integrate both sides and don't forget the constants of integration that will arise from both 
integrals. 


fle) dt = [9.8e""" dt 
Aa | P 


Okay. It’s time to play with constants again. We can subtract & from both sides to get. 
0.196¢ 0.196¢ 
eo 'v=50e" +e-k 


Both c and k are unknown constants and so the difference is also an unknown constant. We will 
therefore write the difference as c. So, we now have 


e196, = 500° +¢ 


From this point on we will only put one constant of integration down when we integrate both 
sides knowing that if we had written down one for each integral, as we should, the two would just 
end up getting absorbed into each other. 


The final step in the solution process is then to divide both sides by e°'”” 


—0.196t 


or to multiply both 


sides by e . Either will work, but I usually prefer the multiplication route. Doing this gives 
the general solution to the differential equation. 


v(t) =50-+ce?% 
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From the solution to this example we can now see why the constant of integration is so important 
in this process. Without it, in this case, we would get a single, constant solution, v(f)=50. With 
the constant of integration we get infinitely many solutions, one for each value of c. 


Back in the direction field section where we first derived the differential equation used in the last 
example we used the direction field to help us sketch some solutions. Let's see if we got them 
correct. To sketch some solutions all we need to do is to pick different values of c to get a 
solution. Several of these are shown in the graph below. 


v(t) 
90-c=40 
80 


i 
0 2 4 6 8 10 
So, it looks like we did pretty good sketching the graphs back in the direction field section. 


Now, recall from the Definitions section that the Initial Condition(s) will allow us to zero in on a 
particular solution. Solutions to first order differential equations (not just linear as we will see) 
will have a single unknown constant in them and so we will need exactly one initial condition to 
find the value of that constant and hence find the solution that we were after. The initial 
condition for first order differential equations will be of the form 


V(t) = 


Recall as well that a differential equation along with a sufficient number of initial conditions is 
called an Initial Value Problem (IVP). 


Example 2 Solve the following IVP. 


# ~ 980.196 v(0)=48 
dt 


Solution 

To find the solution to an IVP we must first find the general solution to the differential equation 
and then use the initial condition to identify the exact solution that we are after. So, since this is 
the same differential equation as we looked at in Example 1, we already have its general solution. 


v=50+ce?™ 


Now, to find the solution we are after we need to identify the value of c that will give us the 
solution we are after. To do this we simply plug in the initial condition which will give us an 
equation we can solve for c. So let's do this 
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48 =v(0)=50+c => c=-2 


So, the actual solution to the IVP is. 
y= 50 = Je 0196! 


A graph of this solution can be seen in the figure above. 


Let’s do a couple of examples that are a little more involved. 


Example 3 Solve the following IVP. 
cos(x)y'+sin(x) y =2cos’(x)sin(x)-1  2)=3V3, 0Sx<7 


Solution : 
Rewrite the differential equation to get the coefficient of the derivative a one. 


sin (x) 1 


cos (x) 


cos (x) co 


Uy 


yr 


y =2cos’ (x)sin(x)- : 
y' +tan(x) y = 2 cos’ (x)sin(x)—sec(x) 


Now find the integrating factor. 


tan xdx I 
u(t)= a! = elBeel — gin seex _ coc y 


Can you do the integral? If not rewrite tangent back into sines and cosines and then use a simple 
substitution. Note that we could drop the absolute value bars on the secant because of the limits 
on x. In fact, this is the reason for the limits on x. 


Also note that we made use of the following fact. 


el) = f(x) (11) 


This is an important fact that you should always remember for these problems. We will want to 
simplify the integrating factor as much as possible in all cases and this fact will help with that 
simplification. 


Now back to the example. Multiply the integrating factor through the differential equation and 
verify the left side is a product rule. Note as well that we multiply the integrating factor through 
the rewritten differential equation and NOT the original differential equation. Make sure that you 
do this. If you multiply the integrating factor through the original differential equation you will 
get the wrong solution! 


sec(x) y’ +sec(x)tan (x) y = 2sec(x) cos (x) sin (x)—sec’ (x) 
(sec(x) y) = 2cos(x)sin(x)—sec’ (x) 


Integrate both sides. 
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[(sec(x) » (x)) ) dx = [2cos(x) (x)sin (x)—sec? (x) dx 
sec(x) y(x)= [sin (2x) —sec” (x) dx 


sec(x) v(x) = ~=c0s(2x) —tan(x)+c 


Note the use of the trig formula sin (20) =2sin @cos@ that made the integral easier. Next, 


solve for the solution. 
y(x)= ~=05(x) cos(2x)—cos(x)tan(x)+ccos(x) 
= -505() cos(2x)—sin(x)+ccos(x) 
Finally, apply the initial condition to find the value of c. 


Im o(Z]=—peml§ ool San Freon 3) 


v2 v2 
3y2 =- +0 


c=7 
The solution is then. 


y(x)= ~=¢05(:x cos(2x)-sin(x)+7cos(x) 


Below is a plot of a solution. 


VAD 
VV 
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Example 4 Find the solution to the following IVP. 


F 1 
ty+2y=0 -t+1 5400 ares 
Solution 
First, divide through by the ft to get the differential equation into the correct form. 
+ a =t-1+ : 
if t 4 t 


Now let’s get the integrating factor, 1 (t) . 


u(t) = ae ea e2lé 


Now, we need to simplify L(t) . However, we can’t use (11) yet as that requires a coefficient of 
one in front of the logarithm. So, recall that 


Inx’ =rlInx 
and rewrite the integrating factor in a form that will allow us to simplify it. 


u(t) = eZ ld = elt <=: ef —? 


We were able to drop the absolute value bars here because we were squaring the ¢, but often they 
can’t be dropped so be careful with them and don’t drop them unless you know that you can. 
Often the absolute value bars must remain. 


Now, multiply the rewritten differential equation (remember we can’t use the original differential 
equation here...) by the integrating factor. 


(fy) =P -f +1 


Integrate both sides and solve for the solution. 
Py=(P-C +¢dt 


ee eer rer ee 
4 3 
ge ol, . Al) Ve 
t)=—f -—t4+—4+— 
Aer aaa aE 
Finally, apply the initial condition to get the value of c. 
1 | ee ee | 1 
vs A 3 2 12 
The solution is then, 
Th ge Ud 1 
| oe ea 
v4) 4 as eae) 2 


Here is a plot of the solution. 
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20 


15 


Example 5 Find the solution to the following IVP. 
ty'—2y =f sin(2t)—f +44" y(z)=2 


Solution 
First, divide through by ¢ to get the differential equation in the correct form. 


yinZyat sin(2r)—7° + 40° 


Now that we have done this we can find the integrating factor, (t) : 


2 
ia -2In\¢| 
=e 


u(t)=e 


Do not forget that the “‘-” is part of p(t). Forgetting this minus sign can take a problem that is 
very easy to do and turn it into a very difficult, if not impossible problem so be careful! 


Now, we just need to simplify this as we did in the previous example. 


u(t)=e 


—2 2 


t|" =t 


-2In|2| — elt” =| 


Again, we can drop the absolute value bars since we are squaring the term. 


Now multiply the differential equation by the integrating factor (again, make sure it’s the 
rewritten one and not the original differential equation). 


(<y) =? sin(2t)-1+4¢ 


Integrate both sides and solve for the solution. 
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ty(t)= |r sin(2r)de+ [-1+4rde 
t°y(t)= -3t cos (21) +1sin (2r) +c0s(2¢) —1-+2¢ +¢ 
y(t)= -3 cos(2r) +1 sin(21)+2F cos(2t)—° + 21° +ct? 
Apply the initial condition to find the value of c. 


ae = y(z) a, pie? —m?+2n*+cn = -1 ae +cn 
2 2 4 2 4 


The solution is then 


1 Ss 1 1 
y(t) =-=" cos(2t)+—=f sin(2t)+—2° cos(2t)—f + 21° +] w—— |t° 
2 2 4 4 
Below is a plot of the solution. 
¥ 
5000 
4000 


3000 


0 t 
0 1 2 3 a > 6 7 


Let’s work one final example that looks more at interpreting a solution rather than finding a 
solution. 


Example 6 Find the solution to the following IVP and determine all possible behaviors of the 
solution as t >. If this behavior depends on the value of yo give this dependence. 


2y'-y=4sin(3t) y(0)=y, 
Solution 
First, divide through by a 2 to get the differential equation in the correct form. 


y= y=2sin (31) 


Now find u(t). 
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Multiply “4 (t) through the differential equation and rewrite the left side as a product rule. 


Uy 


fe*>| = 2e ? sin(3z) 


Integrate both sides and solve for the solution. 


e?y= | 2e? sin(3¢)dt+c 


e?y= Se? cos(31)-——e sin (3t)+¢ 


y(t) =-cos(31)-—sin(31) +0" 


Apply the initial condition to find the value of c and note that it will contain yp as we don’t have a 
value for that. 


24 24 
sa) er = CUO a 


So the solution is 
t 


y(t)= - F cos(31)-4 sin(ar)+[ +3) e2 


Now that we have the solution, let’s look at the long term behavior (i.e. tf — 0© ) of the solution. 
The first two terms of the solution will remain finite for all values of t. It is the last term that will 
determine the behavior of the solution. The exponential will always go to infinity as tf > 00, 
however depending on the sign of the coefficient c (yes we’ve already found it, but for ease of 
this discussion we’ll continue to call it c). The following table gives the long term behavior of 
the solution for all values of c. 


Range of c | Behavior of solution ast > c 
c<0 y(t) — —00 
c=0 y (t) remains finite 


c>0 y(t)> x 


This behavior can also be seen in the following graph of several of the solutions. 
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¥ 
8 a 
6 
/ C>o 
4 
2 
——K—_=—~___==~. a Pa —— 
=Z So. Yo e— g 
—2 
4 
4 c<0 
8 


Now, because we know how ¢ relates to yo we can relate the behavior of the solution to yo. The 
following table give the behavior of the solution in terms of yo instead of c. 


Range of yo | Behavior of solution ast + 0 
_ 24 _ (1) eee 
Yo 37 
= ea! y(t) remains finite 
a7 
> | y(t) 300 
Yo 37 
Note that for y, =—+# the solution will remain finite. That will not always happen. 


Investigating the long term behavior of solutions is sometimes more important than the solution 
itself. Suppose that the solution above gave the temperature in a bar of metal. In this case we 
would want the solution(s) that remains finite in the long term. With this investigation we would 
now have the value of the initial condition that will give us that solution and more importantly 
values of the initial condition that we would need to avoid so that we didn’t melt the bar. 
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Separable Differential Equations 


We are now going to start looking at nonlinear first order differential equations. The first type of 
nonlinear first order differential equations that we will look at is separable differential equations. 


A separable differential equation is any differential equation that we can write in the following 
form. 


N(y)2=M (x) ) 


Note that in order for a differential equation to be separable all the y's in the differential equation 
must be multiplied by the derivative and all the x's in the differential equation must be on the 
other side of the equal sign. 


Solving separable differential equation is fairly easy. We first rewrite the differential equation as 
the following 


N(y)dy =M (x) dx 


Then you integrate both sides. 
[N(v)av=[ M(x) ax (2) 


So, after doing the integrations in (2) you will have an implicit solution that you can hopefully 
solve for the explicit solution, y(x). Note that it won't always be possible to solve for an explicit 
solution. 


Recall from the Definitions section that an implicit solution is a solution that is not in the form 


y=y (x) while an explicit solution has been written in that form. 


We will also have to worry about the interval of validity for many of these solutions. Recall that 
the interval of validity was the range of the independent variable, x in this case, on which the 
solution is valid. In other words, we need to avoid division by zero, complex numbers, logarithms 
of negative numbers or zero, etc. Most of the solutions that we will get from separable 
differential equations will not be valid for all values of x. 


Let’s start things off with a fairly simple example so we can see the process without getting lost 
in details of the other issues that often arise with these problems. 


Example 1 Solve the following differential equation and determine the interval of validity for 
the solution. 


dy 2 

cf 6y x y(1) 
Solution 

It is clear, hopefully, that this differential equation is separable. So, let’s separate the differential 
equation and integrate both sides. As with the linear first order officially we will pick up a 
constant of integration on both sides from the integrals on each side of the equal sign. The two 
can be moved to the same side and absorbed into each other. We will use the convention that 
puts the single constant on the side with the x’s. 
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y dy = 6x dx 
[y?ay = | oxdx 
aie 3x7 +c 
y 


So, we now have an implicit solution. This solution is easy enough to get an explicit solution, 
however before getting that it is usually easier to find the value of the constant at this point. So 
apply the initial condition and find the value of c. 


oh Hi) te c=-28 


Ms 


Plug this into the general solution and then solve to get an explicit solution. 


er 
y 
1 
sd errear er 


Now, as far as solutions go we’ve got the solution. We do need to start worrying about intervals 
of validity however. 


Recall that there are two conditions that define an interval of validity. First, it must be a 


continuous interval with no breaks or holes in it. Second it must contain the value of the 
independent variable in the initial condition, x = | in this case. 


So, for our case we’ve got to avoid two values of x. Namely, x #+,/ ~ +3.05505 since these 


will give us division by zero. This gives us three possible intervals of validity. 


[28 [28 [28 [28 
—0 <x <—,/— a —<x<o 
3 3 3 3 


However, only one of these will contain the value of x from the initial condition and so we can 


see that 
[28 [28 
—,/— <x<,/— 
3 3 


must be the interval of validity for this solution. 


Here is a graph of the solution. 
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3 —2 -l 0 1 2 3 


Note that this does not say that either of the other two intervals listed above can’t be the interval 
of validity for any solution. With the proper initial condition either of these could have been the 
interval of validity. 


We’ll leave it to you to verify the details of the following claims. If we use an initial condition of 
1 
soe 
¥(A)=—59 
we will get exactly the same solution however in this case the interval of validity would be the 
first one. 


Likewise, if we use 


¥(6) == 


as the initial condition we again get exactly the same solution and in this case the third interval 


becomes the interval of validity. 
[28 
—<x<@ 
3 


So, simply changing the initial condition a little can give any of the possible intervals. 


Example 2 Solve the following IVP and find the interval of validity for the solution. 
, 3x? +4x-4 
=e y()=3 
2y—4 
Solution 


This differential equation is clearly separable, so let's put it in the proper form and then integrate 
both sides. 
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(2y-4) dy =(3x7 +4x-4)dx 
| (2-4) dy = | (3x? +4x-4) dx 
y —4y=x° 42x" -4x+0e 


We now have our implicit solution, so as with the first example let’s apply the initial condition at 
this point to determine the value of c. 


(3) -4(3)=(1) +2(1) -4(1)+e = ce =-2 


The implicit solution is then 
y -4y=x° 42x? -4x-2 


We now need to find the explicit solution. This is actually easier than it might look and you 
already know how to do it. First we need to rewrite the solution a little 


y —4y-(x° +2x? —4x-2)=0 


To solve this all we need to recognize is that this is quadratic in y and so we can use the quadratic 
formula to solve it. However, unlike quadratics you are used to, at least some of the “constants” 
will not actually be constant, but will in fact involve x’s. 


So, upon using the quadratic formula on this we get. 


\- 4+ fi6—4(1)(-(x +2x? -4x—2)) 


D) 
44/16 +4( x? +2x° -4x-2) 
-—*—___ —___ 


Next, notice that we can factor a 4 out from under the square root (it will come out as a 2...) and 


then simplify a little. 
4+2,/4+(x° +2x?-4x-2) 


2 
= 244/242? 4x42 


y(x 


We are almost there. Notice that we’ve actually got two solutions here (the “+ ”’) and we only 
want a single solution. In fact, only one of the signs can be correct. So, to figure out which one is 
correct we can reapply the initial condition to this. Only one of the signs will give the correct 
value so we can use this to figure out which one of the signs is correct. Plugging x = | into the 


solution gives. 
3=y(1)=24V1+2-4+42 = 21 = 3,1 


In this case it looks like the “+” is the correct sign for our solution. Note that it is completely 
possible that the “—” could be the solution so don’t always expect it to be one or the other. 


The explicit solution for our differential equation is. 
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y(x)=24+ Vx 42x? -4x42 


To finish the example out we need to determine the interval of validity for the solution. If we 
were to put a large negative value of x in the solution we would end up with complex values in 
our solution and we want to avoid complex numbers in our solutions here. So, we will need to 
determine which values of x will give real solutions. To do this we will need to solve the 
following inequality. 

x’ +2x°-4x4+220 


In other words, we need to make sure that the quantity under the radical stays positive. 
Using a computer algebra system like Maple or Mathematica we see that the left side is zero at x 


= —3.36523 as well as two complex values, but we can ignore complex values for interval of 
validity computations. Finally, a graph of the quantity under the radical is shown below. 


So, in order to get real solutions we will need to require x =>—3.36523 because this is the range 
of x’s for which the quantity is positive. Notice as well that this interval also contains the value 
of x that is in the initial condition as it should. 


Therefore, the interval of validity of the solution is x => —3.36523 . 


Here is graph of the solution. 
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—- -3 —2 -1l 0 1 2 3 4 


Example 3 Solve the following IVP and find the interval of validity of the solution. 
3 
' xy 
y= y(0)=-1 


aloe 
Solution 


First separate and then integrate both sides. 


yody =x(1+x7) > dx 
[yay = faQee 3 dx 


ee ee iC 


2y 
Apply the initial condition to get the value of c. 
1 Vi 3 
——=vlt+ec c=- = 
2 2 


The implicit solution is then, 


Now let’s solve for v(x). 


B28 25 ley 


y 
— 
3-2v1l4+x° 
1 
y(x)=+ 
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Reapplying the initial condition shows us that the “—” is the correct sign. The explicit solution is 


then, 
1 


3-2V1+x° 


Let’s get the interval of validity. That’s easier than it might look for this problem. First, since 


1+.x° >0 the “inner” root will not be a problem. Therefore all we need to worry about is 
division by zero and negatives under the “outer” root. We can take care of both by requiring 


lag 0 
3>2V14x 
9>4(1+x") 


Lae ee 


y(x)=- 


Note that we were able to square both sides of the inequality because both sides of the inequality 
are guaranteed to be positive in this case. Finally solving for x we see that the only possible range 
of x’s that will not give division by zero or square roots of negative numbers will be, 


5 5 
DN eee 
Z 2 
and nicely enough this also contains the initial condition x=0. This interval is therefore our 
interval of validity. 


Here is a graph of the solution. 


-1. 03 -06 -04 -0.2 02 04 06 O8 1. 
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Example 4 Solve the following IVP and find the interval of validity of the solution. 
y' =e” (2x-4) y(5)=0 


Solution 
This differential equation is easy enough to separate, so let's do that and then integrate both sides. 


e” dy =(2x-4)dx 
Je dy = | (2x-4)dx 
e =x’ -4x+c 


Applying the initial condition gives 
1=25-20+¢ c=-4 


This then gives an implicit solution of. 
e’ =x°-4x-4 


We can easily find the explicit solution to this differential equation by simply taking the natural 
log of both sides. 


y(x) =In(x’ -4x-4) 


Finding the interval of validity is the last step that we need to take. Recall that we can't plug 
negative values or zero into a logarithm, so we need to solve the following inequality 


x? -4x-4>0 


The quadratic will be zero at the two points x =2+ Oe . A graph of the quadratic (shown 
below) shows that there are in fact two intervals in which we will get positive values of the 
polynomial and hence can be possible intervals of validity. 


So, possible intervals of validity are 


627% 27—2/2 
94.059 24g ea 


From the graph of the quadratic we can see that the second one contains x = 5, the value of the 
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independent variable from the initial condition. Therefore the interval of validity for this solution 
is. 


R499 24H 


Here is a graph of the solution. 


Example 5 Solve the following IVP and find the interval of validity for the solution. 
d, 2 
“= — r(1)=2 
dd @ 

Solution 


This is actually a fairly simple differential equation to solve. I’m doing this one mostly because 
of the interval of validity. 


So, get things separated out and then ee 


— <-dr = =— sd 7 
2 dr ae do 
——=In || +¢ 
r 
Now, apply the initial condition to find c. 
1 1 
—~=In(1)+c ¢=—— 
2 ( ) 2 
So, the implicit solution is then, 
1 1 
——=In || —= 
i 2 
Solving for 7 gets us our explicit solution. 
1 
$—In || 
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Now, there are two problems for our solution here. First we need to avoid 6 = 0 because of the 
natural log. Notice that because of the absolute value on the 8 we don’t need to worry about 8 
being negative. We will also need to avoid division by zero. In other words, we need to avoid the 
following points. 


tin |o|=0 
2 
In|6| = ; exponentiate both sides 
jo|=e" 


O-itve 


So, these three points break the number line up into four portions, each of which could be an 
interval of validity. 


-0<0<-vVe 

—ve<0<0 
0<0< Je 

Je <@<0 


The interval that will be the actual interval of validity is the one that contains 9 = 1. Therefore, 
the interval of validity is 0< 0< Je P 


Here is a graph of the solution. 


16 


12 


0. 0.2 0.4 0.6 0.8 1. 12 14 1.6 
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Example 6 Solve the following IVP. 
dy _ay-t 2 
—=e’ sec 1+t¢ 0)=0 
a (y)(l+e?) — »(0) 
Solution 


This problem will require a little work to get it separated and in a form that we can integrate, so 
let's do that first. 


dy_ ee’ 2 
dt — aoe ) 


e’ cos(y)dy=e" (1 +0 ) dt 


Now, with a little integration by parts on both sides we can get an implicit solution. 
Jer cos(y)dy = a (140° )at 


=y. 


= (sin(y)-c0s(y)) =-e7 (? +2t+3)+¢ 


Applying the initial condition gives. 


Therefore, the implicit solution is. 
=y 


= (sin(») -cos(y)) =-e' (7° +2143)42 


It is not possible to find an explicit solution for this problem and so we will have to leave the 
solution in its implicit form. Finding intervals of validity from implicit solutions can often be 
very difficult so we will also not bother with that for this problem. 


As this last example showed it is not always possible to find explicit solutions so be on the 
lookout for those cases. 
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Exact Differential Equations 


The next type of first order differential equations that we’ll be looking at is exact differential 
equations. Before we get into the full details behind solving exact differential equations it’s 
probably best to work an example that will help to show us just what an exact differential 
equation is. It will also show some of the behind the scenes details that we usually don’t bother 
with in the solution process. 


The vast majority of the following example will not be done in any of the remaining examples 
and the work that we will put into the remaining examples will not be shown in this example. 

The whole point behind this example is to show you just what an exact differential equation is, 
how we use this fact to arrive at a solution and why the process works as it does. The majority of 
the actual solution details will be shown in a later example. 


Example 1 Solve the following differential equation. 
2xy —9x? +(2y +x" 2 0 
dx 


Solution 
Let’s start off by supposing that somewhere out there in the world is a function ‘¥ (x,y) that we can 
find. For this example the function that we need is 


P(x,y)=y +(x? +1) y-3x° 


Do not worry at this point about where this function came from and how we found it. Finding the 
function, ‘¥ (x,y), that is needed for any particular differential equation is where the vast majority 
of the work for these problems lies. As stated earlier however, the point of this example is to 
show you why the solution process works rather than showing you the actual solution process. 
We will see how to find this function in the next example, so at this point do not worry about how 
to find it, simply accept that it can be found and that we’ve done that for this particular 
differential equation. 


Now, take some partial derivatives of the function. 
W = 2xy-9x? 
= 2 
Vi, =2y+x +1 
Now, compare these partial derivatives to the differential equation and you’ll notice that with 


these we can now write the differential equation as. 


dy 
YP +P —=0 1 
x ” dx (1) 


Now, recall from your multi-variable calculus class (probably Calculus II) that (1) is nothing 
more than the following derivative (you’ll need the multi-variable chain rule for this...). 


£(¥(%2(3))) 


So, the differential equation can now be written as 
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£(¥(x9(x)))=0 


Now, if the ordinary (not partial...) derivative of something is zero, that something must have 
been a constant to start with. In other words, we’ve got to have ‘V (x, y) =c. Or, 


y +(x +1) y-3x° =C 
This then is an implicit solution for our differential equation! If we had an initial condition we 


could solve for c. We could also find an explicit solution if we wanted to, but we’ll hold off on 
that until the next example. 


Okay, so what did we learn from the last example? Let’s look at things a little more generally. 
Suppose that we have the following differential equation. 


M(x,y)+N(xy)2=0 (2) 


Note that it’s important that it be in this form! There must be an “= 0” on one side and the sign 
separating the two terms must be a “+”. Now, if there is a function somewhere out there in the 
world, ‘Y (x,y), so that, 


Y, =M (x,y) and Y,=N(x,y) 


then we call the differential equation exact. In these cases we can write the differential equation 
as 


dy 
Y +P —=0 3 
x ” dx (3) 


Then using the chain rule from Calculus HI we can further reduce the differential equation to the 
following derivative, 


£(¥(x9(x)))=0 


The (implicit) solution to an exact differential equation is then 


P(x, y) =C (4) 


Well, it’s the solution provided we can find ‘¥(x,y) anyway. Therefore, once we have the 
function we can always just jump straight to (4) to get an implicit solution to our differential 
equation. 


Finding the function (x,y) is clearly the central task in determining if a differential equation is 
exact and in finding its solution. As we will see, finding ¥ (x,y) can be a somewhat lengthy 
process in which there is the chance of mistakes. Therefore, it would be nice if there was some 
simple test that we could use before even starting to see if a differential equation is exact or not. 
This will be especially useful if it turns out that the differential equation is not exact, since in this 
case Y(x,y) will not exist. It would be a waste of time to try and find a nonexistent function! 
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So, let's see if we can find a test for exact differential equations. Let's start with (2) and assume 
that the differential equation is in fact exact. Since it’s exact we know that somewhere out there 
is a function ‘Y(x,y) that satisfies 

Y =M 

Yi,=N 


Now, provided ¥(x,y) is continuous and its first order derivatives are also continuous we know 
that 


Hee 


However, we also have the following. 


Ss 
ey 


Therefore, if a differential equation is exact and ‘Y(x,y) meets all of its continuity conditions we 
must have. 


M,=N, (5) 


Likewise, if (5) is not true there is no way for the differential equation to be exact. 


Therefore, we will use (5) as a test for exact differential equations. If (5) is true we will assume 
that the differential equation is exact and that ‘Y(x,y) meets all of its continuity conditions and 
proceed with finding it. Note that for all the examples here the continuity conditions will be met 
and so this won’t be an issue. 


Okay, let’s go back and rework the first example. This time we will use the example to show 
how to find ‘¥ (x,y). We’ll also add in an initial condition to the problem. 


Example 2 Solve the following IVP and find the interval of validity for the solution. 


dy 
2xy -9x" +(2yt+x° +1)— =0, 0)=-3 
y (2y es y(0) 
Solution 
First identify Vand N and check that the differential equation is exact. 
M =2xy-9x? M, =2x 
N=2y+x' +1 N,=2x 


So, the differential equation is exact according to the test. However, we already knew that as we 
have given you (x,y). It’s not a bad thing to verify it however and to run through the test at least 
once however. 


Now, how do we actually find ‘¥(x,v)? Well recall that 
YO =M 
ei 
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We can use either of these to get a start on finding ‘¥(x,y) by integrating as follows. 
Y= (Mdx OR Y= [Nady 


However, we will need to be careful as this won’t give us the exact function that we need. Often 
it doesn’t matter which one you choose to work with while in other problems one will be 
significantly easier than the other. In this case it doesn’t matter which one we use as either will 
be just as easy. 


So, I’ll use the first one. 
Y (x,y) = [2xy-9x" dx =x°y—3x° +h(y) 


Note that in this case the “constant” of integration is not really a constant at all, but instead it will 
be a function of the remaining variable(s), y in this case. 


Recall that in integration we are asking what function we differentiated to get the function we are 
integrating. Since we are working with two variables here and talking about partial 
differentiation with respect to x, this means that any term that contained only constants or y’s 
would have differentiated away to zero, therefore we need to acknowledge that fact by adding on 
a function of y instead of the standard c. 


Okay, we’ve got most of ‘¥ (x,y) we just need to determine /(y) and we’ll be done. This is 
actually easy to do. We used ‘Y', = M to find most of (x,y) so we'll use VY, = N to find hi). 


Differentiate our ¥ (x,y) with respect to y and set this equal to N (since they must be equal after 
all). Don’t forget to “differentiate” h(y)! Doing this gives, 


Wax th'(y)=2ytx +1=N 


From this we can see that 
h' (y) =2y+l1 


Note that at this stage h(y) must be only a function of y and so if there are any x’s in the equation 
at this stage we have made a mistake somewhere and it’s time to go look for it. 


We can now find h(y) by integrating. 
h(y) =|2y+ldy=y’ +y+k 


You’ll note that we included the constant of integration, k, here. It will turn out however that this 
will end up getting absorbed into another constant so we can drop it in general. 


So, we can now write down (x,y). 
Y (x,y) =x y-3x +y' +yt+k=y’ +(x? +1)y-3x° +k 


With the exception of the x this is identical to the function that we used in the first example. We 
can now go straight to the implicit solution using (4). 


vy t(x +1)y-3x" +k=c 
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We'll now take care of the k. Since both k and c are unknown constants all we need to do is 
subtract one from both sides and combine and we still have an unknown constant. 


yt(x +1) y-3x° =c-k 
y +(x +1)y—3x° =C 


Therefore, we'll not include the & in anymore problems. 


This is where we left off in the first example. Let’s now apply the initial condition to find c. 


(-3)' +(0+1)(-3)-3(0)° =c > c=6 


The implicit solution is then. 
y’ +(x? +1) y-3x° -6=0 


Now, as we saw in the separable differential equation section, this is quadratic in y and so we can 
solve for y(x) by using the quadratic formula. 


2 
Now, reapply the initial condition to figure out which of the two signs in the + that we need. 
—14tv25 -1+5 


So, it looks like the “-” is the one that we need. The explicit solution is then. 
—(x? +1)-vx* +12x° + 2x? +25 


y(x)= ; 


Now, for the interval of validity. It looks like we might well have problems with square roots of 
negative numbers. So, we need to solve 


x* +12x° +2x7 +25=0 


Upon solving this equation is zero at x =—11.81557624 and x =—1.396911133. Note that you’ll 
need to use some form of computational aid in solving this equation. Here is a graph of the 
polynomial under the radical. 
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—500 


—1000 


—1500 


—2000 


So, it looks like there are two intervals where the polynomial will be positive. 
—0 <x <-11.81557624 


—1.396911133<x<0 
However, recall that intervals of validity need to be continuous intervals and contain the value of 


x that is used in the initial condition. Therefore, the interval of validity must be. 
—1.396911133<x<o@ 


Here is a quick graph of the solution. 
¥ 


—2 


That was a long example, but mostly because of the initial explanation of how to find ‘¥ (x,y). 
The remaining examples will not be as long. 
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Example 3 Find the solution and interval of validity for the following IVP. 
2xy? +4 =2(3-x’y)y’ y(-1)=8 


Solution 
Here, we first need to put the differential equation into proper form before proceeding. Recall 
that it needs to be “= 0” and the sign separating the two terms must be a plus! 


2xy? +4-2(3-xy)y' =0 
2xy? +44+2(x°y-3)y'=0 


So we have the following 
M =2xy’? +4 M, =4xy 


N =2x’y-6 N,=4xy 
and so the differential equation is exact. We can either integrate M/ with respect to x or integrate 
N with respect to y. In this case either would be just as easy so we’ll integrate N this time so we 
can say that we’ve got an example of both down here. 


Y (x,y) = [2x°y—6dy=x7y” —6y+h(x) 


This time, as opposed to the previous example, our “constant” of integration must be a function of 
x since we integrated with respect to y. Now differentiate with respect to x and compare this to 
M. 


Y= 2 +h'(x)=2xy° +4=M 


So, it looks like 


Again, we’ll drop the constant of integration that technically should be present in A(x) since it will 
just get absorbed into the constant we pick up in the next step. Also note that, A(x) should only 
involve x’s at this point. If there are any y’s left at this point a mistake has been made so go back 
and look for it. 


Writing everything down gives us the following for ‘V (x,y). 
Y (x,y) =x’ y*—6y+4x 


So, the implicit solution to the differential equation is 
xy? —6y+4x=c 


Applying the initial condition gives, 
64-—48-4=c e=12 


The solution is then 
xy’ -—6y+4x-12=0 


Using the quadratic formula gives us 
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_ 6,/36-4x" (4x-12) 


V\x 


oe 
_ 6+V36+48x° -16x° 
2%" 
_ 6+2V9+12x? —4x° 
Ix 
_ 34V9412x7 —4x° 
x? 


Reapplying the initial condition shows that this time we need the “+” (we’ll leave those details to 
you to check). Therefore, the explicit solution is 


349+12x? —43° 
y(x)= ; 


Xx 


Now let’s find the interval of validity. We’ll need to avoid x = 0 so we don’t get division by zero. 
We’ll also have to watch out for square roots of negative numbers so solve the following 
equation. 


4x7 4+12x° +9=0 


The only real solution here is x = 3.217361577. Below is a graph of the polynomial. 


} 
80 


So, it looks like the polynomial will be positive, and hence okay under the square root on 
—0 < x <3.217361577 


Now, this interval can’t be the interval of validity because it contains x = 0 and we need to avoid 
that point. Therefore, this interval actually breaks up into two different possible intervals of 
validity. 

—0<x<0 


O<%<3.217361577 


The first one contains x = -1, the x value from the initial condition. Therefore, the interval of 
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validity for this problem is -0 <x <0. 


Here is a graph of the solution. 


-5 -4 3 2 -1 0 


Example 4 Find the solution and interval of validity to the following IVP. 


2 
= —21—(2-In(#° +1))y =0 y(5)=0 


Solution 
So, first deal with that minus sign separating the two terms. 


+2 —21+(In(e°+1)-2)y'=0 


r 


Now, find M and N and check that it’s exact. 


2 
M=2) 9 M,=— 
t +1 * f+ 
Newn(?+1)-2 N= 
t +1 


So, it’s exact. We’ll integrate the first one in this case. 


Y(t, y) = | pe -2rdt = yln( +1)-2 +h(y) 


Differentiate with respect to y and compare to N. 


WY, =In(?? +1)+h'(y)=In(?? +1)-2=N 


So, it looks like we’ve got. 


This gives us 
Wie) =yln(e? +1)-2 2) 
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The implicit solution is then, 
yln(? +1)-2 —2y=c 


Applying the initial condition gives, 
—25=c 


The implicit solution is now, 


y(in(? +1)-2)-” =-25 


This solution is much easier to solve than the previous ones. No quadratic formula is needed this 
time, all we need to do is solve for y. Here’s what we get for an explicit solution. 


ae 
4 In(t? +1)-2 


Alright, let’s get the interval of validity. The term in the logarithm is always positive so we don’t 
need to worry about negative numbers in that. We do need to worry about division by zero 
however. We will need to avoid the following point(s). 


In(t? +1)-2=0 
In(t? +1) =2 
P+l=e 


t=+Ve’-1 
We now have three possible intervals of validity. 
—0<t<—ve’-1 
—Je’-1<t<ve’-1 
Ve -l<t<o 


The last one contains = 5 and so is the interval of validity for this problem is Ve’ —1 <t<o. 
Here’s a graph of the solution. 


100 
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Example 5 Find the solution and interval of validity for the following IVP. 


3y'e” -1+(2ye?” +3xy’e”) y' =0 y(0)=1 
Solution 
Let’s identify M and N and check that it’s exact. 
M= 3y'e 3xy =] 2 =9y’e 3xy +9xy'e 3xy 
N= 2ye*” +3xy"e o N, ae es +9xy*e aay 


So, it’s exact. With the proper simplification integrating the second one isn’t too bad. 
However, the first is already set up for easy integration so let’s do that one. 


Y ( (x,y) )= [3y'*e 3Y _1dy = ye e” —x+h(y) 


Differentiate with respect to y and compare to N. 
Y= = 2ye*” +3xy’e” + h'(y) =2ye"’ +3xy"e” =N 


So, it looks like we’ve got 


Recall that actually h(y) = k, but we drop the k because it will get absorbed in the next step. That 
gives us h(y) = 0. Therefore, we get. 


Ws y)= ye 3xy —x 


The implicit solution is then 


ye xy —-x=c 
Apply the initial condition. 
l=c 
The implicit solution is then 
yer" —x =] 


This is as far as we can go. There is no way to solve this for y and get an explicit solution. 
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Bernoulli Differential Equations 


In this section we are going to take a look at differential equations in the form, 

y'+ p(x)y=q(x)y" 
where p(x) and q(x) are continuous functions on the interval we’re working on and v is a real 
number. Differential equations in this form are called Bernoulli Equations. 


First notice that if 7 =0 or n =1 then the equation is linear and we already know how to solve it 
in these cases. Therefore, in this section we’re going to be looking at solutions for values of 
other than these two. 


In order to solve these we’ll first divide the differential equation by y” to get, 
y" y'+ p(x)" =4(x) 


We are now going to use the substitution v = y'” to convert this into a differential equation in 
terms of v. As we’ll see this will lead to a differential equation that we can solve. 


We are going to have to be careful with this however when it comes to dealing with the 


t J 
derivative, Y | We need to determine just what” is in terms of our substitution. This is easier 
to do than it might at first look to be. All that we need to do is differentiate both sides of our 
substitution with respect to x. Remember that both v and y are functions of x and so we’ll need to 
use the chain rule on the right side. If you remember your Calculus I you’lI recall this is just 
implicit differentiation. So, taking the derivative gives us, 


y' = (1 _ n) aes 


Now, plugging this as well as our substitution into the differential equation gives, 


~v' + p(x)y=4(x) 


This is a linear differential equation that we can solve for v and once we have this in hand we can 
also get the solution to the original differential equation by plugging v back into our substitution 
and solving for y. 


Let’s take a look at an example. 


Example 1 Solve the following IVP and find the interval of validity for the solution. 


ye tyaxty’ y(2)=-1, x>0 
x 


Solution 
So, the first thing that we need to do is get this into the “proper” form and that means dividing 


everything by Pad . Doing this gives, 


3 


2s 4 -1_ 
Ley Se 
xX 
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The substitution and derivative that we’ll need here is, 


-l 
v=y Ye oh, 
With this substitution the differential equation becomes, 
4 
—Vt+—y=ax° 
x 


So, as noted above this is a linear differential equation that we know how to solve. We’ll do the 

details on this one and then for the rest of the examples in this section we’ll leave the details for 

you to fill in. If you need a refresher on solving linear differential equations then go back to that 
section for a quick review. 


Here’s the solution to this differential equation. 


vi-—y=-x° = u(x)=e ef hh 4 
x 
f(xy) dx = [rx dx 
x“v=-In|x|+e = v(x) = cx" —x* Inx 


Note that we dropped the absolute value bars on the x in the logarithm because of the assumption 
that x>0. 


Now we need to determine the constant of integration. This can be done in one of two ways. We 
can can convert the solution above into a solution in terms of y and then use the original initial 
condition or we can convert the initial condition to an initial condition in terms of v and use that. 
Because we’ll need to convert the solution to y’s eventually anyway and it won’t add that much 
work in we’ll do it that way. 


So, to get the solution in terms of y all we need to do is plug the substitution back in. Doing this 
gives, 
yp Sx (@ —In x) 


At this point we can solve for y and then apply the initial condition or apply the initial condition 
and then solve for y. We’ll generally do this with the later approach so let’s apply the initial 
condition to get, 


(-1) =c2*-2'In2 > c=In2-— 


Plugging in for c and solving for y gives, 
—16 —16 


y(x) ~"(In2—h—Inx) x (1+16Inx—-16In2) x°(1+16In3) 


Note that we did a little simplification in the solution. This will help with finding the interval of 
validity. 


Before finding the interval of validity however, we mentioned above that we could convert the 
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original initial condition into an initial condition for v. Let’s briefly talk about how to do that. To 
do that all we need to do is plug x = 2 into the substitution and then use the original initial 
condition. Doing this gives, 


So, in this case we got the same value for v that we had for y. Don’t expect that to happen in 
general if you chose to do the problems in this manner. 


Okay, let’s now find the interval of validity for the solution. First we already know that x > 0 
and that means we’ll avoid the problems of having logarithms of negative numbers and division 
by zero at x =0. So, all that we need to worry about then is division by zero in the second term 
and this will happen where, 


1+16n4=0 
xX—_ 1 
2 16 
_ a 
tae 6 => x =2e '© = 1.8788 


The two possible intervals of validity are then, 
1 1 


O0<x<2e 6 2e © <x <0 


and since the second one contains the initial condition we know that the interval of validity is 
1 


then 2e © <x<o. 


Here is a graph of the solution. 


¥ 
0 oe 


5 


—20 


Let’s do a couple more examples and as noted above we’re going to leave it to you to solve the 
linear differential equation when we get to that stage. 
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Example 2 Solve the following IVP and find the interval of validity for the solution. 
y=Syte*y? y(0)=2 


Solution 
The first thing we’ll need to do here is multiply through by a and we’ll also do a little 
rearranging to get things into the form we’ll need for the linear differential equation. This gives, 


ve y'-5y° =e?* 


The substitution here and its derivative is, 
y= ¥ y! = 3 va y' 
Plugging the substitution into the differential equation gives, 


ty'-5v=e* > yv-I5v=3e* u(x)=e'™* 


We rearranged a little and gave the integrating factor for the linear differential equation solution. 
Upon solving we get, 


v(x)=ce™*-3e™ 
Now go back to y’s. 
y =ce* —~ie* 


Applying the initial condition and solving for c gives, 
8 =Cc—- 2 => c= 139 


Plugging in c and solving for y gives, 


1 
139e* —3e°* \3 
ro 


17 


There are no problem values of x for this solution and so the interval of validity is all real 
numbers. Here’s a graph of the solution. 
¥ 


-2 
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Example 3 Solve the following IVP and find the interval of validity for the solution. 


6y'-2y=xy"* y(0)=-2 
Solution 
First get the differential equation in the proper form and then write down the substitution. 
6y“y'-2y?% =x => vy vi=—3y"y' 


Plugging the substitution into the differential equation gives, 
—2v'-2v=x = vitv=-$x U(x)=e 


Again, we’ve rearranged a little and given the integrating factor needed to solve the linear 
differential equation. Upon solving the linear differential equation we have, 


v(x) =—4(x-1)+ce™ 


Now back substitute to get back into y’s. 


y? =-1(x-1)+ce* 


Now we need to apply the initial condition and solve for c. 


=e ——5 
goate > C=-3 


Plugging in c and solving for y gives, 


2 


y(x)= T 
(4x-4+5e*)3 


Next, we need to think about the interval of validity. In this case all we need to worry about it is 
division by zero issues and using some form of computational aid (such as Maple or 
Mathematica) we will see that the denominator of our solution is never zero and so this solution 
will be valid for all real numbers. 


Here is a graph of the solution. 
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To this point we’ve only worked examples in which n was an integer (positive and negative) and 
so we should work a quick example where n is not an integer. 


Example 4 Solve the following IVP and find the interval of validity for the solution. 
1, wv 
Yeas 0 y(1)=0 


Solution 


Let’s first get the differential equation into proper form. 
1 1 1 


1 u a 
yt—yay’ => y 2y't+—y? =1 
Xx xX 


The substitution is then, 


nee 
vey uO 5” ay. 
Now plug the substitution into the differential equation to get, 
yet ged = Fen ee 
x 2k 2 


As we’ve done with the previous examples we’ve done some rearranging and given the 


integrating factor needed for solving the linear differential equation. Solving this gives us, 
1 


v(x)= lxtex? 


In terms of y this is, 


Applying the initial condition and solving for c gives, 
O=f+e => Pisa 


Plugging in for c and solving for y gives us the solution. 


Note that we multiplied everything out and converted all the negative exponents to positive 
exponents to make the interval of validity clear here. Because of the root (in the second term in 
the numerator) and the x in the denominator we can see that we need to require x > 0 in order for 
the solution to exist and it will exist for all positive x’s and so this is also the interval of validity. 


Here is the graph of the solution. 
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Substitutions 


In the previous section we looked at Bernoulli Equations and saw that in order to solve them we 


needed to use the substitution v = aa . Upon using this substitution we were able to convert the 
differential equation into a form that we could deal with (linear in this case). In this section we 
want to take a look at a couple of other substitutions that can be used to reduce some differential 
equations down to a solvable form. 


The first substitution we’ll take a look at will require the differential equation to be in the form, 


re 


First order differential equations that can be written in this form are called homogeneous 
differential equations. Note that we will usually have to do some rewriting in order to put the 
differential equation into the proper form. 


Once we have verified that the differential equation is a homogeneous differential equation and 
we’ve gotten it written in the proper form we will use the following substitution. 


v(x)=2 
x 
We can then rewrite this as, 
y=xv 


and then remembering that both y and v are functions of x we can use the product rule (recall that 
is implicit differentiation from Calculus I) to compute, 
y =v+xv' 


Under this substitution the differential equation is then, 
v+xv' =F (v) 


xv =F (v)-v = = 


As we can see with a small rewrite of the new differential equation we will have a separable 
differential equation after the substitution. 


Let’s take a quick look at a couple of examples of this kind of substitution. 


Example 1 Solve the following IVP and find the interval of validity for the solution. 
xyy'+4x’°+y? =0 y(2)=-7, x>0 


Solution 
Let’s first divide both sides by x’ to rewrite the differential equation as follows, 


2 2 
ty --4-[2) 
xX xX xX 
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Now, this is not in the officially proper form as we have listed above, but we can see that 
everywhere the variables are listed they show up as the ratio, y/x and so this is really as far as we 
need to go. So, let’s plug the substitution into this form of the differential equation to get, 


v(vt+xv')=-4-v 


Next, rewrite the differential equation to get everything separated out. 
vxv' =—-4-2y’ 


,. A+t2v? 
v= 
v 
—Y ya lag 
4+2v x 


Integrating both sides gives, 
4In(4+2v’) =~-In(x)+¢ 


We need to do a little rewriting using basic logarithm properties in order to be able to easily solve 
this for v. 


In(4+2v? \ = In(x) +¢ 


Now exponentiate both sides and do a little rewriting 
1 


2\4 —_ n(x) '+e _ ce, n(x)" mee 
(442 jase =ee = 


Note that because c is an unknown constant then so is e© and so we may as well just call this c as 
we did above. 


Finally, let’s solve for v and then plug the substitution back in and we’ play a little fast and loose 
with constants again. 


At this point it would probably be best to go ahead and apply the initial condition. Doing that 
gives, 
_c-4(16) 


2(4) 


49 = c = 456 
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Note that we could have also converted the original initial condition into one in terms of v and 
then applied it upon solving the separable differential equation. In this case however, it was 
probably a little easier to do it in terms of y given all the logarithms in the solution to the 
separable differential equation. 


Finally, plug in c and solve for y to get, 
~  228=2x" 
yo=—_= — 


228 — 2x4 
5 = y(x) =; 
xX xX 


(Te) 


The initial condition tells us that the must be the correct sign and so the actual solution is, 


228 —2x" 
ale eae 


For the interval of validity we can see that we need to avoid x = 0 and because we can’t allow 
negative numbers under the square root we also need to require that, 


228-—2x* =0 
x*<114 > —3.2676 < x < 3.2676 
So, we have two possible intervals of validity, 
—3.2676<x<0 0<x<3.2676 
and the initial condition tells us that it must be 0 < x < 3.2676. 


The graph of the solution is, 


Example 2 Solve the following IVP and find the interval of validity for the solution. 
xy'=y(Inx—-Iny) y(1)=4, x0 
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Solution 
On the surface this differential equation looks like it won’t be homogeneous. However, with a 
quick logarithm property we can rewrite this as, 


me 


In this form the differential equation is clearly homogeneous. Applying the substitution and 


separating gives, 
; 1 
v+xv' =vin| — 
v 


v(t 


dv dx 


v(In(4)—1) x 


Integrate both sides and do a little rewrite to get, 
—In(In(+)-1) =Inx+c 


In(tn(+)—1) =c-—Inx 
You were able to do the integral on the left right? It used the substitution u = In (+) —1. 


Now, solve for v and note that we'll need to exponentiate both sides a couple of times and play 
fast and loose with constants again. 


lata) In(x) ‘+e — pe In(xy | Ae 
n(+) e ee 7 
In(+)=—+1 
n(+) t 
1 Lae ef] 
—=e* > v=e * 
Vv 


Plugging the substitution back in and solving for y gives, 
ees = £3] 
Ves => y (x) =xe * 
x 


Applying the initial condition and solving for c gives, 
4=e°! => c=—(1+In4) 


The solution is then, 
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We clearly need to avoid x = 0 to avoid division by zero and so with the initial condition we can 
see that the interval of validity is x >0. 


The graph of the solution is, 


¥ 
50 


40 
30 
20 
10 


0 x 
0 2 4 6 8 10 


For the next substitution we’ ll take a look at we'll need the differential equation in the form, 
y' =G(ax+by) 


In these cases, we’ ll use the substitution, 
v=ax+by => vi=atby' 


Plugging this into the differential equation gives, 
3(v'-a)=G(y) 
dv 


'=a+bG —_——_=d. 
v'=a+bG(v) => RES TCTEN x: 


So, with this substitution we’ll be able to rewrite the original differential equation as a new 
separable differential equation that we can solve. 


Let’s take a look at a couple of examples. 


Example 3 Solve the following IVP and find the interval of validity for the solution. 


y'-(4x-y+l) =0 y(0)=2 
Solution 
In this case we’ ll use the substitution. 

v=4x-y v=4-y' 


Note that we didn’t include the “+1” in our substitution. Usually only the ax + by part gets 
included in the substitution. There are times where including the extra constant may change the 
difficulty of the solution process, either easier or harder, however in this case it doesn’t really 
make much difference so we won’t include it in our substitution. 
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So, plugging this into the differential equation gives, 
4—v'—-(v+l) =0 


As we’ve shown above we definitely have a separable differential equation. Also note that to 
help with the solution process we left a minus sign on the right side. We’ll need to integrate both 
sides and in order to do the integral on the left we’ll need to use partial fractions. We’ll leave it to 
you to fill in the missing details and given that we'll be doing quite a bit of partial fraction work 
in a few chapters you should really make sure that you can do the missing details. 


[S| ail 


1 1 1 


4) v-l1 v4+3 
4(In(v—1)-In(v+3))=-x+e 


-1 
In| ~ =c—4x 
v+3 
Note that we played a little fast and loose with constants above. The next step is fairly messy but 
needs to be done and that is to solve for v and note that we’ ll be playing fast and loose with 


constants again where we can get away with it and we’ll be skipping a few steps that you 
shouldn’t have any problem verifying. 


dv = [—dx 


v(l-ce** )=1+3ce* 


At this stage we should back away a bit and note that we can’t play fast and loose with constants 
anymore. We were able to do that in first step because the c appeared only once in the equation. 
At this point however the c appears twice and so we’ve got to keep them around. If we 
“absorbed” the 3 into the c on the right the “new” c would be different from the c on the left 
because the c on the left didn’t have the 3 as well. 


So, let’s solve for v and then go ahead and go back into terms of y. 


1+3ce* 
ce ee a 
l-—ce™ 
1+3ce* 
Wig OE 
= l=-ee" 
14+3ce* 
x) =4x5—_——__ 
y( ) l—-ce* 
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The last step is to then apply the initial condition and solve for c. 


1 
—C 
The solution is then, 
1-9e** 
x) = 4x —-——___ 
»(x) 1+3e* 


Note that because exponentials exist everywhere and the denominator of the second term is 
always positive (because exponentials are always positive and adding a positive one onto that 
won’t change the fact that it’s positive) the interval of validity for this solution will be all real 
numbers. 


Here is a graph of the solution. 


y=" y(0)=0 
Solution 
Here is the substitution that we'll need for this example. 
v=9y-x v =9y'-1 
Plugging this into our differential equation gives, 
¢(v’'+1)=e’ 
v’ =9e”" -1 
d e'd 
~ = dx > a = dx 
9e" -1 9-e” 


Note that we did a little rewrite on the separated portion to make the integrals go a little easier. 


By multiplying the numerator and denominator by e * we can turn this into a fairly simply 
substitution integration problem. So, upon integrating both sides we get, 
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In(9-e”)=x+e 


Solving for v gives, 
x 


9-e ” =e°e* =ce 
e ’ =9-ce* 


v=—In(9-ce*) 


Plugging the substitution back in and solving for y gives us, 


y(x) =4(x—In(9-ce")) 


Next, apply the initial condition and solve for c. 


0=y(0)=-Fln(9-c) = c 


II 
oo 


The solution is then, 


Now, for the interval of validity we need to make sure that we only take logarithms of positive 
numbers as we’l need to require that, 


9—-8e* >0 > e <2 = x<In2?=0.1178 


Here is a graph of the solution. 


In both this section and the previous section we’ve seen that sometimes a substitution will take a 
differential equation that we can’t solve and turn it into one that we can solve. This idea of 
substitutions is an important idea and should not be forgotten. Not every differential equation can 
be made easier with a substitution and there is no way to show every possible substitution but 
remembering that a substitution may work is a good thing to do. If you get stuck on a differential 
equation you may try to see if a substitution of some kind will work for you. 
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Intervals of Validity 


I’ve called this section Intervals of Validity because all of the examples will involve them. 
However, there is a lot more to this section. We will see a couple of theorems that will tell us 
when we can solve a differential equation. We will also see some of the differences between 
linear and nonlinear differential equations. 


First let's take a look at a theorem about linear first order differential equations. This is a very 
important theorem although we’re not going to really use it for its most important aspect. 


Theorem 1 


Consider the following IVP. 

y'+ p(t)y=a(t) V(%)= Yo 
If p(t) and g(t) are continuous functions on an open interval @<t< £ and the interval contains 
to, then there is a unique solution to the IVP on that interval. 


So, just what does this theorem tell us? First, it tells us that for nice enough linear first order 
differential equations solutions are guaranteed to exist and more importantly the solution will be 
unique. We may not be able to find the solution, but do know that it exists and that there will only 
be one of them. This is the very important aspect of this theorem. Knowing that a differential 
equation has a unique solution is sometimes more important than actually having the solution 
itself! 


Next, if the interval in the theorem is the largest possible interval on which p(t) and g(t) are 
continuous then the interval is the interval of validity for the solution. This means, that for linear 
first order differential equations, we won't need to actually solve the differential equation in order 
to find the interval of validity. Notice as well that the interval of validity will depend only 
partially on the initial condition. The interval must contain f,, but the value of yo, has no effect on 
the interval of validity. 


Let’s take a look at an example. 


Example 1 Without solving, determine the interval of validity for the following initial value 
problem. 


(?? -9) »'+2y =In|20-44| y(4)=-3 


Solution 

First, in order to use the theorem to find the interval of validity we must write the differential 
equation in the proper form given in the theorem. So we will need to divide out by the coefficient 
of the derivative. 

iy 2 In|20—4¢| 

oO Page Fi 


Next, we need to identify where the two functions are not continuous. This will allow us to find 
all possible intervals of validity for the differential equation. So, p(t) will be discontinuous at 
t = +3 since these points will give a division by zero. Likewise, g(t) will also be discontinuous at 


t=+3 as well as t= 5 since at this point we will have the natural logarithm of zero. Note that in 


© 2007 Paul Dawkins 71 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


this case we won't have to worry about natural log of negative numbers because of the absolute 
values. 


Now, with these points in hand we can break up the real number line into four intervals where 
both p(t) and g(t) will be continuous. These four intervals are, 


—0<t<-3 —3<t<3 3<t<5 S5$<t<o 


The endpoints of each of the intervals are points where at least one of the two functions is 
discontinuous. This will guarantee that both functions are continuous everywhere in each interval. 


Finally, let's identify the actual interval of validity for the initial value problem. The actual 
interval of validity is the interval that will contain ¢, = 4. So, the interval of validity for the initial 
value problem is. 

3<t<35 


In this last example we need to be careful to not jump to the conclusion that the other three 
intervals cannot be intervals of validity. By changing the initial condition, in particular the value 
of ¢,, we can make any of the four intervals the interval of validity. 


The first theorem required a linear differential equation. There is a similar theorem for non-linear 
first order differential equations. This theorem is not as useful for finding intervals of validity as 
the first theorem was so we won’t be doing all that much with it. 


Here is the theorem. 


Theorem 2 


Consider the following IVP. 
y=f(ty) Y(%)= Yo 


6) 
If f(t) and < are continuous functions in some rectangle a@<t< #, y< y<6 containing the 
iv 


point (¢, yo) then there is a unique solution to the IVP in some interval ¢, —h < t < t, + h that is 
contained in a<t</fP. 


That’s it. Unlike the first theorem, this one cannot really be used to find an interval of validity. 
So, we will know that a unique solution exists if the conditions of the theorem are met, but we 
will actually need the solution in order to determine its interval of validity. Note as well that for 
non-linear differential equations it appears that the value of yo may affect the interval of validity. 


Here is an example of the problems that can arise when the conditions of this theorem aren’t met. 


Example 2 Determine all possible solutions to the following IVP. 
1 
y=y> — y(0)=0 


Solution 
First, notice that this differential equation does NOT satisfy the conditions of the theorem. 
1 df 1 
f(y)=y¥ ae 
dy 3y3 
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So, the function is continuous on any interval, but the derivative is not continuous at y = 0 and so 
will not be continuous at any interval containing y = 0. In order to use the theorem both must be 
continuous on an interval that contains y, = 0 and this is problem for us since we do have y, = 0. 


Now, let’s actually work the problem. This differential equation is separable and is fairly simple 
to solve. 


| y dy = | dt 


So, we’ve got two possible solutions here, both of which satisfy the differential equation and the 
initial condition. There is also a third solution to the IVP. y(t) = 0 is also a solution to the 
differential equation and satisfies the initial condition. 


In this last example we had a very simple IVP and it only violated one of the conditions of the 
theorem, yet it had three different solutions. All the examples we’ve worked in the previous 
sections satisfied the conditions of this theorem and had a single unique solution to the IVP. This 
example is a useful reminder of the fact that, in the field of differential equations, things don’t 
always behave nicely. It’s easy to forget this as most of the problems that are worked in a 
differential equations class are nice and behave in a nice, predictable manner. 


Let’s work one final example that will illustrate one of the differences between linear and non- 
linear differential equations. 


Example 3 Determine the interval of validity for the initial value problem below and give its 
dependence on the value of y, 

yey y(0)=y% 
Solution 
Before proceeding in this problem, we should note that the differential equation is non-linear and 
meets both conditions of the Theorem 2 and so there will be a unique solution to the IVP for each 
possible value of yo. 


Also, note that the problem asks for any dependence of the interval of validity on the value of yo. 
This immediately illustrates a difference between linear and non-linear differential equations. 
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Intervals of validity for linear differential equations do not depend on the value of y,. Intervals of 
validity for non-linear differential can depend on the value of y, as we pointed out after the 
second theorem. 


So, let’s solve the IVP and get some intervals of validity. 


First note that if y, = 0 then y(t) = 0 is the solution and this has an interval of validity of 
—0 <t<0 


So for the rest of the problem let's assume that y, #0. Now, the differential equation is 
separable so let's solve it and get a general solution. 


} y°dy= } dt 
1 
——=ftec 
y 
Applying the initial condition gives 
1 
c=-— 
Yo 
The solution is then. 
1 1 
2S po = 
y Yo 
1 
NE ie 
Yo 
Yo 
t)=—2_ 
I)a= oe 


Now that we have a solution to the initial value problem we can start finding intervals of validity. 
From the solution we can see that the only problem that we’ll have is division by zero at 


—_ 
Yo 


This leads to two possible intervals of validity. 


1 
—0 < tf <— 
Yo 


1 
—<f<o 
Yo 


That actual interval of validity will be the interval that contains ¢, = 0. This however, depends on 
the value of yo. If yo < 0 then a <0 and so the second interval will contain t, = 0. Likewise if y. 


> 0 then = >0 and in this case the first interval will contain ¢, = 0. 
0 


This leads to the following possible intervals of validity, depending on the value of yo. 
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If y, >0 —0<t< Z is the interval of validity. 
Yo 
If y, =0 —0 <t<o is the interval of validity. 
1 ’ oe 
If y, <0 —<t<o_ is the interval of validity. 
Yo 


On a side note, notice that the solution, in its final form, will also work ify. = 0. 


So what did this example show us about the difference between linear and non-linear differential 
equations? 


First, as pointed out in the solution to the example, intervals of validity for non-linear differential 
equations can depend on the value of y,, whereas intervals of validity for linear differential 
equations don’t. 


Second, intervals of validity for linear differential equations can be found from the differential 
equation with no knowledge of the solution. This is definitely not the case with non-linear 
differential equations. It would be very difficult to see how any of these intervals in the last 
example could be found from the differential equation. Knowledge of the solution was required 
in order for us to find the interval of validity. 
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Modeling with First Order Differential Equations 


We now move into one of the main applications of differential equations both in this class and in 
general. Modeling is the process of writing a differential equation to describe a physical 
situation. Almost all of the differential equations that you will use in your job (for the engineers 
out there in the audience) are there because somebody, at some time, modeled a situation to come 
up with the differential equation that you are using. 


This section is not intended to completely teach you how to go about modeling all physical 
situations. A whole course could be devoted to the subject of modeling and still not cover 
everything! This section is designed to introduce you to the process of modeling and show you 
what is involved in modeling. We will look at three different situations in this section : Mixing 
Problems, Population Problems, and Falling Bodies. 


In all of these situations we will be forced to make assumptions that do not accurately depict 
reality in most cases, but without them the problems would be very difficult and beyond the scope 
of this discussion (and the course in most cases to be honest). 


So let’s get started. 


Mixing Problems 

In these problems we will start with a substance that is dissolved in a liquid. Liquid will be 
entering and leaving a holding tank. The liquid entering the tank may or may not contain more of 
the substance dissolved in it. Liquid leaving the tank will of course contain the substance 
dissolved in it. If O(t) gives the amount of the substance dissolved in the liquid in the tank at any 
time ¢ we want to develop a differential equation that, when solved, will give us an expression for 
O(t). Note as well that in many situations we can think of air as a liquid for the purposes of these 
kinds of discussions and so we don’t actually need to have an actual liquid, but could instead use 
air as the “liquid”. 


The main assumption that we’ll be using here is that the concentration of the substance in the 
liquid is uniform throughout the tank. Clearly this will not be the case, but if we allow the 
concentration to vary depending on the location in the tank the problem becomes very difficult 
and will involve partial differential equations, which is not the focus of this course. 


The main “equation” that we’ ll be using to model this situation is : 


Rate of Rate at Rate at 
_ which Q(t) which O(t) 
change of = — : 
Ow) enters the exits the 
tank tank 
where, 
ds ; 
Rate of change of O(t) = “e =O (t) 


Rate at which Q(t) enters the tank = (flow rate of liquid entering) x 

(concentration of substance in liquid entering) 
Rate at which Q(t) exits the tank = (flow rate of liquid exiting) x 

(concentration of substance in liquid exiting) 


Let’s take a look at the first problem. 
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Example 1 A 1500 gallon tank initially contains 600 gallons of water with 5 lbs of salt 
dissolved in it. Water enters the tank at a rate of 9 gal/hr and the water entering the tank has a salt 


concentration of i(1 + Cos (t)) Ibs/gal. If a well mixed solution leaves the tank at a rate of 6 


gal/hr, how much salt is in the tank when it overflows? 


Solution 

First off, let’s address the “well mixed solution” bit. This is the assumption that was mentioned 
earlier. We are going to assume that the instant the water enters the tank it somehow instantly 
disperses evenly throughout the tank to give a uniform concentration of salt in the tank at every 
point. Again, this will clearly not be the case in reality, but it will allow us to do the problem. 


Now, to set up the IVP that we’ll need to solve to get O(t) we’ ll need the flow rate of the water 
entering (we’ve got that), the concentration of the salt in the water entering (we’ve got that), the 
flow rate of the water leaving (we’ve got that) and the concentration of the salt in the water 
exiting (we don’t have this yet). 


So, we first need to determine the concentration of the salt in the water exiting the tank. Since we 
are assuming a uniform concentration of salt in the tank the concentration at any point in the tank 
and hence in the water exiting is given by, 

Amount of salt in the tank at any time, ¢ 


Concentration = AYN 
Volume of water in the tank at any time, t 


The amount at any time f is easy it’s just O(t). The volume is also pretty easy. We start with 600 
gallons and every hour 9 gallons enters and 6 gallons leave. So, if we use ¢ in hours, every hour 3 
gallons enters the tank, or at any time f there is 600 + 3¢ gallons of water in the tank. 


So, the IVP for this situation is, 
o'(")= ()(4(+eos(2))-(6)[ SO) os 


600 + 3t 
_ 29(t) 
200+¢ 


Q'(t)= (1 + cos(t)) 


This is a linear differential equation and it isn’t too difficult to solve (hopefully). We will show 
most of the details, but leave the description of the solution process out. If you need a refresher 
on solving linear first order differential equations go back and take a look at that section. 


Q'(t) +22) = =(1+c0s(1)) 


if sont! 2In(200+) 2 
eiijae "=e = (200+) 


| ((200+0y 0(¢)) dt = | =(200+2) (1+cos(t)) dt 
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(20042) O(1) =2[ (200+) +(200+2)' sin()+2(200+#)cos(t)~2sin(1) + 
2cos(t) 2sin(t) } c 


200+ (200+z) } (200+2) 


0(t) -2f 420011) 


+ 


So, here’s the general solution. Now, apply the initial condition to get the value of the constant, 


=p(ij22|= ool oe _ 
5=0(0)= (200) 509} * apo c = —4600720 


So, the amount of salt in the tank at any time fis. 


Q(t) -2f 2001) ssin()s 22D. 250) 


200+4 (200+r) 


4600720 
(200+1)" 


Now, the tank will overflow at t= 300 hrs. The amount of salt in the tank at that time is. 
Q(300) = 279.797 lbs 


Here’s a graph of the salt in the tank before it overflows. 


Ott) 
300 


0 t 
0 50 100 150 200 250 300 


Note that the whole graph should have small oscillations in it as you can see in the range from 
200 to 250. The scale of the oscillations however was small enough that the program used to 
generate the image had trouble showing all of them. 


The work was a little messy with that one, but they will often be that way so don’t get excited 
about it. This first example also assumed that nothing would change throughout the life of the 
process. That, of course will usually not be the case. Let’s take a look at an example where 
something changes in the process. 


© 2007 Paul Dawkins 78 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


Example 2 A 1000 gallon holding tank that catches runoff from some chemical process initially 
has 800 gallons of water with 2 ounces of pollution dissolved in it. Polluted water flows into the 
tank at a rate of 3 gal/hr and contains 5 ounces/gal of pollution in it. A well mixed solution leaves 
the tank at 3 gal/hr as well. When the amount of pollution in the holding tank reaches 500 ounces 
the inflow of polluted water is cut off and fresh water will enter the tank at a decreased rate of 2 
gal/hr while the outflow is increased to 4 gal/hr. Determine the amount of pollution in the tank at 
any time f. 


Solution 

Okay, so clearly the pollution in the tank will increase as time passes. If the amount of pollution 
ever reaches the maximum allowed there will be a change in the situation. This will necessitate a 
change in the differential equation describing the process as well. In other words, we’ll need two 
IVP’s for this problem. One will describe the initial situation when polluted runoff is entering the 
tank and one for after the maximum allowed pollution is reached and fresh water is entering the 
tank. 


Here are the two IVP’s for this problem. 


2/()=(a,6)-(2) 20) Q(0)=2  Oxest, 


Q(t) 
t)=(2)(0)-(4 t,)=500 ¢, <t<t 
2'()=(2)0)-4| At] 04(4,)=500 1 505, 
The first one is fairly straight forward and will be valid until the maximum amount of pollution is 
reached. We’ll call that time ¢,,. Also, the volume in the tank remains constant during this time 
so we don’t need to do anything fancy with that this time in the second term as we did in the 
previous example. 


We'll need a little explanation for the second one. First notice that we don’t “start over” at t= 0. 
We start this one at ¢,, the time at which the new process starts. Next, fresh water is flowing into 
the tank and so the concentration of pollution in the incoming water is zero. This will drop out 
the first term, and that’s okay so don’t worry about that. 


Now, notice that the volume at any time looks a little funny. During this time frame we are 
losing two gallons of water every hour of the process so we need the “-2” in there to account for 
that. However, we can’t just use ¢ as we did in the previous example. When this new process 
starts up there needs to be 800 gallons of water in the tank and if we just use ¢ there we won’t 
have the required 800 gallons that we need in the equation. So, to make sure that we have the 
proper volume we need to put in the difference in times. In this way once we are one hour into 
the new process (i.e t - tn = 1) we will have 798 gallons in the tank as required. 


Finally, the second process can’t continue forever as eventually the tank will empty. This is 
denoted in the time restrictions as tf. We can also note that t= t + 400 since the tank will empty 
400 hours after this new process starts up. Well, it will end provided something doesn’t come 
along and start changing the situation again. 


Okay, now that we’ve got all the explanations taken care of here’s the simplified version of the 
IVP’s that we’ll be solving. 
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He ate BOND) 7 

QO, (t)=15 =n O(0)=2 OAr<z, 
ray 20, (t) 7 

Q, (t)= 400-(t=1,) Q, (t,,)=500 4, <tst, 


The first IVP is a fairly simple linear differential equation so we'll leave the details of the 
solution to you to check. Upon solving you get. 


QO, (t) = 4000 - 3998¢ 800 


Now, we need to find ¢,. This isn’t too bad all we need to do is determine when the amount of 
pollution reaches 500. So we need to solve. 


3t 
O, (t) = 4000 —3998e 80 =500 => t,, =35.475 


So, the second process will pick up at 35.475 hours. For completeness sake here is the IVP with 
this information inserted. 
0; ()-- 220 O,(35.475)=500 35.475 <t < 435.475 
435.475 -t 


This differential equation is both linear and separable and again isn’t terribly difficult to solve so 
I'll leave the details to you again to check that we should get. 


(435.476-1) 


fl= 
So, a solution that encompasses the complete running time of the process is 
_3t 
4000 — 3998e 800 0<t<35.475 
O()=) (435.476-1)° 
a> a 35.475 <t < 435.4758 
320 
Here is a graph of the amount of pollution in the tank at any time ¢. 
Q(t) 
500 
400 
300 
200 
100 
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As you can surely see, these problems can get quite complicated if you want them to. Take the 
last example. A more realistic situation would be that once the pollution dropped below some 
predetermined point the polluted runoff would, in all likelihood, be allowed to flow back in and 
then the whole process would repeat itself. So, realistically, there should be at least one more 
IVP in the process. 


Let’s move on to another type of problem now. 


Population 

These are somewhat easier than the mixing problems although, in some ways, they are very 
similar to mixing problems. So, if P(t) represents a population in a given region at any time ¢ the 
basic equation that we’ll use is identical to the one that we used for mixing. Namely, 


Rate of Rate at Rate at 
_ which P(t) which P(t) 
change of = : ; 
enters the exits the 
P(t) ; ‘ 
region region 


Here the rate of change of P(t) is still the derivative. What’s different this time is the rate at 
which the population enters and exits the region. For population problems all the ways for a 
population to enter the region are included in the entering rate. Birth rate and migration into the 
region are examples of terms that would go into the rate at which the population enters the region. 
Likewise, all the ways for a population to leave an area will be included in the exiting rate. 
Therefore things like death rate, migration out and predation are examples of terms that would go 
into the rate at which the population exits the area. 


Here’s an example. 


Example 3 A population of insects in a region will grow at a rate that is proportional to their 
current population. In the absence of any outside factors the population will triple in two weeks 
time. On any given day there is a net migration into the area of 15 insects and 16 are eaten by the 
local bird population and 7 die of natural causes. If there are initially 100 insects in the area will 
the population survive? If not, when do they die out? 


Solution 
Let’s start out by looking at the birth rate. We are told that the insects will be born at a rate that is 
proportional to the current population. This means that the birth rate can be written as 
rP 
where r is a positive constant that will need to be determined. Now, let’s take everything into 
account and get the IVP for this problem. 
P'=(rP+15)-(16+7) P(0)=100 


P'=rP-8 P(0)=100 


Note that in the first line we used parenthesis to note which terms went into which part of the 
differential equation. Also note that we don’t make use of the fact that the population will triple 
in two weeks time in the absence of outside factors here. In the absence of outside factors means 
that the ONLY thing that we can consider is birth rate. Nothing else can enter into the picture and 
clearly we have other influences in the differential equation. 
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So, just how does this tripling come into play? Well, we should also note that without knowing r 
we will have a difficult time solving the IVP completely. We will use the fact that the population 
triples in two week time to help us find r. In the absence of outside factors the differential 
equation would become. 


PrP P(0)=100 P(14) =300 


Note that since we used days as the time frame in the actual IVP I needed to convert the two 
weeks to 14 days. We could have just as easily converted the original IVP to weeks as the time 
frame, in which case there would have been a net change of —56 per week instead of the —8 per 
day that we are currently using in the original differential equation. 


Okay back to the differential equation that ignores all the outside factors. This differential 
equation is separable and linear and is a simple differential equation to solve. I'll leave the detail 
to you to get the general solution. 


P(t)=ce" 


Applying the initial condition gives c = 100. Now apply the second condition. 
300 = P(14) =100e'*” 300 = 100e'*” 


We need to solve this for r. First divide both sides by 100, then take the natural log of both sides. 
3 - el” 
In3 = Ine” 
In3=14r 
In3 
r=— 
14 


We made use of the fact that Ine®”) = g (x) here to simplify the problem. Now, that we have r 


we can go back and solve the original differential equation. We’ll rewrite it a little for the 


solution process. 
p-B3 pas P(0)=100 


This is a fairly simple linear differential equation, but that coefficient of P always get people bent 
out of shape, so we’ ll go through at least some of the details here. 
fa In3 

14 14! 


u(t)=e =e 


Now, don’t get excited about the integrating factor here. It’s just like e~ only this time the 
constant is a little more complicated than just a 2, but it is a constant! Now, solve the differential 
equation. 
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Es 
In3 
P()=—S + cel 


Again, do not get excited about doing the right hand integral, it’s just like integrating e7'! 
Applying the initial condition gives the following. 


P(t)= ~~ +{100-- Jet =? 1 94679e" 
In3 In3 In3 


Now, the exponential has a positive exponent and so will go to plus infinity as ¢ increases. Its 
coefficient, however, is negative and so the whole population will go negative eventually. 
Clearly, population can’t be negative, but in order for the population to go negative it must pass 
through zero. In other words, eventually all the insects must die. So, they don’t survive and we 
can solve the following to determine when they die out. 


112 In3y 
C= ree "4 = t = 50.4415 days 


So, the insects will survive for around 7.2 weeks. Here is a graph of the population during the 
time in which they survive. 
Pit) 
100 


80 


0 10 20 30 40 50 


As with the mixing problems, we could make the population problems more complicated by 
changing the circumstances at some point in time. For instance, if at some point in time the local 
bird population saw a decrease due to disease they wouldn’t eat as much after that point and a 
second differential equation to govern the time after this point. 


Let’s now take a look at the final type of problem that we’ll be modeling in this section. 
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Falling Body 

This will not be the first time that we’ve looked into falling bodies. If you recall, we looked at 
one of these when we were looking at Direction Fields. In that section we saw that the basic 
equation that we’ll use is Newton’s Second Law of Motion. 


myv' = F(t,v) 


The two forces that we’ll be looking at here are gravity and air resistance. The main issue with 
these problems is to correctly define conventions and then remember to keep those conventions. 
By this we mean define which direction will be termed the positive direction and then make sure 
that all your forces match that convention. This is especially important for air resistance as this is 
usually dependent on the velocity and so the “sign” of the velocity can and does affect the “sign” 
of the air resistance force. 


Let’s take a look at an example. 


Example 4 A 50 kg mass is shot from a cannon straight up with an initial velocity of 10m/s off 
a bridge that is 100 meters above the ground. If air resistance is given by 5v determine the 
velocity of the mass when it hits the ground. 


Solution 


First, notice that when we say straight up, we really mean straight up, but in such a way that it 
will miss the bridge on the way back down. Here is a sketch of the situation. 


s=0 


Positive 


s=100 


Notice the conventions that we set up for this problem. Since the vast majority of the motion will 
be in the downward direction we decided to assume that everything acting in the downward 
direction should be positive. Note that we also defined the “zero position” as the bridge, which 
makes the ground have a “position” of 100. 


Okay, if you think about it we actually have two situations here. The initial phase in which the 
mass is rising in the air and the second phase when the mass is on its way down. We will need to 
examine both situations and set up an IVP for each. We will do this simultaneously. Here are the 
forces that are acting on the object on the way up and on the way down. 
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Up Down 


Notice that the air resistance force needs a negative in both cases in order to get the correct “sign” 
or direction on the force. When the mass is moving upwards the velocity (and hence v) is 
negative, yet the force must be acting in a downward direction. Therefore, the ‘“-” must be part of 
the force to make sure that, overall, the force is positive and hence acting in the downward 
direction. Likewise, when the mass is moving downward the velocity (and so v) is positive. 
Therefore, the air resistance must also have a “-” in order to make sure that it’s negative and 
hence acting in the upward direction. 


So, the IVP for each of these situations are. 


Up Down 
mv’ =mg —5v mv’ =mg —5v 
v(0)=-10 v(t.) =0 


In the second IVP, the fo is the time when the object is at the highest point and is ready to start on 
the way down. Note that at this time the velocity would be zero. Also note that the initial 
condition of the first differential equation will have to be negative since the initial velocity is 
upward. 


In this case, the differential equation for both of the situations is identical. This won’t always 
happen, but in those cases where it does, we can ignore the second IVP and just let the first 
govern the whole process. 


So, let’s actually plug in for the mass and gravity (we’ll be using g = 9.8 m/s” here). We’ll go 
ahead and divide out the mass while we’re at it since we’ll need to do that eventually anyway. 
; ) 
vi =9,8-2 =9,8-> v(0)=-10 
50 10 


This is a simple linear differential equation to solve so we’ll leave the details to you. Upon 
solving we arrive at the following equation for the velocity of the object at any time ¢. 


v(t) =98-108e 


Okay, we want the velocity of the ball when it hits the ground. Of course we need to know when 
it hits the ground before we can ask this. In order to find this we will need to find the position 


function. This is easy enough to do. 
t 


s(t) = [v()dt = [98-108e” dt = 98 +1080e * +c 


We can now use the fact that I took the convention that s(0) = 0 to find that c = -1080. The 
position at any time is then. 
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zie 


s(t) = 98¢ +1080e  —1080 


To determine when the mass hits the ground we just need to solve. 
ss 


100 = 982 +1080e ' —1080 t = —3.32203, 5.98147 


We’ve got two solutions here, but since we are starting things at ¢ = 0, the negative is clearly the 
incorrect value. Therefore, the mass hits the ground at t= 5.98147. The velocity of the object 
upon hitting the ground is then. 


v(5.98147) =38.61841 


This last example gave us an example of a situation where the two differential equations needed 
for the problem ended up being identical and so we didn’t need the second one after all. Be 
careful however to not always expect this. We could very easily change this problem so that it 
required two different differential equations. For instance we could have had a parachute on the 
mass open at the top of its arc changing its air resistance. This would have completely changed 
the second differential equation and forced us to use it as well. Or, we could have put a river 
under the bridge so that before it actually hit the ground it would have first had to go through 
some water which would have a different “air” resistance for that phase necessitating a new 
differential equation for that portion. 


Or, we could be really crazy and have both the parachute and the river which would then require 
three IVP’s to be solved before we determined the velocity of the mass before it actually hits the 
solid ground. 


Before leaving this section let’s work a couple examples illustrating the importance of 
remembering the conventions that you set up for the positive direction in these problems. 


Awhile back I gave my students a problem in which a sky diver jumps out of a plane. Most of 
my students are engineering majors and following the standard convention from most of their 
engineering classes they defined the positive direction as upward, despite the fact that all the 
motion in the problem was downward. There is nothing wrong with this assumption, however, 
because they forgot the convention that up was positive they did not correctly deal with the air 
resistance which caused them to get the incorrect answer. 


So, let’s take a look at the problem and set up the IVP that will give the sky diver’s velocity at 
any time ¢. 


Example 5 Set up the IVP that will give the velocity of a 60 kg sky diver that jumps out of a 
plane with no initial velocity and an air resistance of 0.8 \v| . For this example assume that the 


positive direction is upward. 


Solution 
Here are the forces that are acting on the sky diver 
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F, =0.8))| 


Fi, =—mg 


Because of the conventions the force due to gravity is negative and the force due to air resistance 
is positive. As set up, these forces have the correct sign and so the IVP is 


my' = —mg + 0.8}y| v(0)=0 


The problem arises when you go to remove the absolute value bars. In order to do the problem 
they do need to be removed. This is where most of the students made their mistake. Because 
they had forgotten about the convention and the direction of motion they just dropped the 
absolute value bars to get. 


my' =—mg + 0.8v v(0)=0 (incorrect IVP!!) 


So, why is this incorrect? Well remember that the convention is that positive is upward. 
However in this case the object is moving downward and so v is negative! Upon dropping the 
absolute value bars the air resistance became a negative force and hence was acting in the 
downward direction! 


To get the correct IVP recall that because v is negative then |v| = -v. Using this, the air resistance 
becomes F, = -0.8v and despite appearances this is a positive force since the ‘“~” cancels out 


against the velocity (which is negative) to get a positive force. 


The correct IVP is then 


mv’ =—mg —0.8v v(0)=0 
Plugging in the mass gives 
v 
v’ =—9.8 -— v(0)=0 


For the sake of completeness the velocity of the sky diver, at least until the parachute opens, 
which I didn’t include in this problem is. 


v(t) =-735+735e * 


This mistake was made in part because the students were in a hurry and weren’t paying attention, 
but also because they simply forgot about their convention and the direction of motion! Don’t 
fall into this mistake. Always pay attention to your conventions and what is happening in the 
problems. 


Just to show you the difference here is the problem worked by assuming that down is positive. 
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Example 6 Set up the IVP that will give the velocity of a 60 kg sky diver that jumps out of a 
plane with no initial velocity and an air resistance of 0.8 \v| . For this example assume that the 


positive direction is downward. 


Solution 
Here are the forces that are acting on the sky diver 


F, = -0.8|y| 
By = mg 


In this case the force due to gravity is positive since it’s a downward force and air resistance is an 
upward force and so needs to be negative. In this case since the motion is downward the velocity 
is positive so |v| =v. The air resistance is then Fa=-0.8v. The IVP for this case is 


mv’ = mg —0.8v v(0)=0 
Plugging in the mass gives 
v 
v’ = 9.8 -— v(0)=0 
- (0) 


Solving this gives 
v2 


v(t) =735-735e 


This is the same solution as the previous example, except that it’s got the opposite sign. This is to 
be expected since the conventions have been switched between the two examples. 
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Equilibrium Solutions 


In the previous section we modeled a population based on the assumption that the growth rate 
would be a constant. However, in reality this doesn’t make much sense. Clearly a population 
cannot be allowed to grow forever at the same rate. The growth rate of a population needs to 
depend on the population itself. Once a population reaches a certain point the growth rate will 
start reduce, often drastically. A much more realistic model of a population growth is given by 
the logistic growth equation. Here is the logistic growth equation. 


Prar[1-2 | 
K 


In the logistic growth equation r is the intrinsic growth rate and is the same r as in the last 
section. In other words, it is the growth rate that will occur in the absence of any limiting factors. 
Kis called either the saturation level or the carrying capacity. 


Now, we claimed that this was a more realistic model for a population. Let’s see if that in fact is 


correct. To allow us to sketch a direction field let’s pick a couple of numbers for r and K. We’ll 


use 7 =+4 and K = 10. For these values the logistics equation is. 


Bee fe P 
2 10 


If you need a refresher on sketching direction fields go back and take a look at that section. First 
notice that the derivative will be zero at P= 0 and P= 10. Also notice that these are in fact 
solutions to the differential equation. These two values are called equilibrium solutions since 
they are constant solutions to the differential equation. We’ll leave the rest of the details on 
sketching the direction field to you. Here is the direction field as well as a couple of solutions 
sketched in as well. 


Note, that we included a small portion of negative P’s in here even though they really don’t make 
any sense for a population problem. The reason for this will be apparent down the road. Also, 
notice that a population of say 8 doesn’t make all that much sense so let’s assume that population 
is in thousands or millions so that 8 actually represents 8,000 or 8,000,000 individuals in a 
population. 
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Notice that if we start with a population of zero, there is no growth and the population stays at 
zero. So, the logistic equation will correctly figure out that. Next, notice that if we start with a 
population in the range 0 < P(0) < 10 then the population will grow, but start to level off once we 
get close to a population of 10. If we start with a population of 10, the population will stay at 10. 
Finally, if we start with a population that is greater than 10, then the population will actually die 
off until we start nearing a population of 10, at which point the population decline will start to 
slow down. 


Now, from a realistic standpoint this should make some sense. Populations can’t just grow 
forever without bound. Eventually the population will reach such a size that the resources of an 
area are no longer able to sustain the population and the population growth will start to slow as it 
comes closer to this threshold. Also, if you start off with a population greater than what an area 
can sustain there will actually be a die off until we get near to this threshold. 


In this case that threshold appears to be 10, which is also the value of K for our problem. That 
should explain the name that we gave K initially. The carrying capacity or saturation level of an 
area is the maximum sustainable population for that area. 


So, the logistics equation, while still quite simplistic, does a much better job of modeling what 
will happen to a population. 


Now, let’s move on to the point of this section. The logistics equation is an example of an 
autonomous differential equation. Autonomous differential equations are differential equations 
that are of the form. 

OF) 
dt 


The only place that the independent variable, ¢ in this case, appears is in the derivative. 


Notice that if f ( V5.) = 0 for some value y = y, then this will also be a solution to the 


differential equation. These values are called equilibrium solutions or equilibrium points. 
What we would like to do is classify these solutions. By classify we mean the following. If 
solutions start “near” an equilibrium solution will they move away from the equilibrium solution 
or towards the equilibrium solution? Upon classifying the equilibrium solutions we can then 
know what all the other solutions to the differential equation will do in the long term simply by 
looking at which equilibrium solutions they start near. 


So, just what do I mean by “near”? Go back to our logistics equation. 
1 P 
P'=—| 1-—|P 
2 10 


As we pointed out there are two equilibrium solutions to this equation P = 0 and P= 10. If we 
ignore the fact that we’re dealing with population these points break up the P number line into 
three distinct regions. 

—0<P<0 0<P<10 10<P<o 


We will say that a solution starts “near” an equilibrium solution if it starts in a region that is on 
either side of that equilibrium solution. So solutions that start “near” the equilibrium solution P = 
10 will start in either 
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0<P<10 OR 10<P<a 


and solutions that start “near” P = 0 will start in either 
0 < P<0 OR 0<P<10 


For regions that lie between two equilibrium solutions we can think of any solutions starting in 
that region as starting “near” either of the two equilibrium solutions as we need to. 


Now, solutions that start “near” P = 0 all move away from the solution as ¢ increases. Note that 
moving away does not necessarily mean that they grow without bound as they move away. It 
only means that they move away. Solutions that start out greater than P = 0 move away, but do 
stay bounded as ¢ grows. In fact, they move in towards P = 10. 


Equilibrium solutions in which solutions that start “near” them move away from the equilibrium 
solution are called unstable equilibrium points or unstable equilibrium solutions. So, for our 
logistics equation, P = 0 is an unstable equilibrium solution. 


Next, solutions that start “near” P = 10 all move in toward P = 10 as ¢ increases. Equilibrium 
solutions in which solutions that start “near” them move toward the equilibrium solution are 
called asymptotically stable equilibrium points or asymptotically stable equilibrium 
solutions. So, P = 10 is an asymptotically stable equilibrium solution. 


There is one more classification, but I’Il wait until we get an example in which this occurs to 
introduce it. So, let’s take a look at a couple of examples. 


Example 1 Find and classify all the equilibrium solutions to the following differential equation. 
y=y'—y-6 

Solution 
First, find the equilibrium solutions. This is generally easy enough to do. 

y’ -—y-6=(y-3)(y+2)=0 
So, it looks like we’ ve got two equilibrium solutions. Both y = -2 and y = 3 are equilibrium 
solutions. Below is the sketch of some integral curves for this differential equation. A sketch of 
the integral curves or direction fields can simplify the process of classifying the equilibrium 
solutions. 


a 


-4 
From this sketch it appears that solutions that start “near” y = -2 all move towards it as ¢ increases 
and so y = -2 is an asymptotically stable equilibrium solution and solutions that start “near” y = 3 
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all move away from it as ¢ increases and so y = 3 is an unstable equilibrium solution. 


This next example will introduce the third classification that we can give to equilibrium solutions. 


Example 2 Find and classify the equilibrium solutions of the following differential equation. 
‘ 2 
y'=(9° -4)(y+1) 
Solution 


The equilibrium solutions are to this differential equation are y = -2, y = 2, and y = -1. Below is 
the sketch of the integral curves. 


From this it is clear (hopefully) that y = 2 is an unstable equilibrium solution and y = -2 is an 
asymptotically stable equilibrium solution. However, y = -1 behaves differently from either of 
these two. Solutions that start above it move towards y = -1 while solutions that start below y = -1 
move away as ¢ increases. 


In cases where solutions on one side of an equilibrium solution move towards the equilibrium 
solution and on the other side of the equilibrium solution move away from it we call the 


equilibrium solution semi-stable. 


So, y = -1 is a semi-stable equilibrium solution. 


© 2007 Paul Dawkins 92 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


Euler’s Method 


Up to this point practically every differential equation that we’ve been presented with could be 
solved. The problem with this is that these are the exceptions rather than the rule. The vast 
majority of first order differential equations can’t be solved. 


In order to teach you something about solving first order differential equations we’ve had to 
restrict ourselves down to the fairly restrictive cases of linear, separable, or exact differential 
equations or differential equations that could be solved with a set of very specific substitutions. 
Most first order differential equations however fall into none of these categories. In fact, even 
those that are separable or exact cannot always be solved for an explicit solution. Without 
explicit solutions to these it would be hard to get any information about the solution. 


So what do we do when faced with a differential equation that we can’t solve? The answer 
depends on what you are looking for. If you are only looking for long term behavior of a solution 
you can always sketch a direction field. This can be done without too much difficulty for some 
fairly complex differential equations that we can’t solve to get exact solutions. 


The problem with this approach is that it’s only really good for getting general trends in solutions 
and for long term behavior of solutions. There are times when we will need something more. For 
instance, maybe we need to determine how a specific solution behaves, including some values 
that the solution will take. There are also a fairly large set of differential equations that are not 
easy to sketch good direction fields for. 


In these cases we resort to numerical methods that will allow us to approximate solutions to 
differential equations. There are many different methods that can be used to approximate 
solutions to a differential equation and in fact whole classes can be taught just dealing with the 
various methods. We are going to look at one of the oldest and easiest to use here. This method 
was originally devised by Euler and is called, oddly enough, Euler’s Method. 


Let’s start with a general first order IVP 
® - F(t,y) v(t) =% (1) 
dt 

where /(t,y) is a known function and the values in the initial condition are also known numbers. 

From the second theorem in the Intervals of Validity section we know that if fand f, are 

continuous functions then there is a unique solution to the IVP in some interval surrounding 

t=t,. So, let’s assume that everything is nice and continuous so that we know that a solution 


will in fact exist. 


We want to approximate the solution to (1) near t =7,. We'll start with the two pieces of 
information that we do know about the solution. First, we know the value of the solution at ¢ =f, 


from the initial condition. Second, we also know the value of the derivative at t =7,. We can get 


this by plugging the initial condition into /(t,v) into the differential equation itself. So, the 
derivative at this point is. 
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Now, recall from your Calculus I class that these two pieces of information are enough for us to 
write down the equation of the tangent line to the solution at ¢ =7,. The tangent line is 


V=VotS (tos % )(t-ty) 


Take a look at the figure below 


vit) . 
Tangent Line 


Solution, y(£) 


If t; is close enough to fg then the point y; on the tangent line should be fairly close to the actual 
value of the solution at ¢;, or y(t;). Finding y; is easy enough. All we need to do is plug ¢; in the 
equation for the tangent line. 


Y= Vo +f (to Yo )(4 —ty) 


Now, we would like to proceed in a similar manner, but we don’t have the value of the solution at 
t; and so we won’t know the slope of the tangent line to the solution at this point. This is a 
problem. We can partially solve it however, by recalling that y; is an approximation to the 
solution at ¢;. If y; is a very good approximation to the actual value of the solution then we can 
use that to estimate the slope of the tangent line at ¢7. 


So, let’s hope that y; is a good approximation to the solution and construct a line through the 
point (t7, y7) that has slope f(t:, y). This gives 


y=yt f(t.» )(t-t) 


Now, to get an approximation to the solution at t = t) we will hope that this new line will be fairly 
close to the actual solution at ¢2 and use the value of the line at t2 as an approximation to the actual 
solution. This gives. 


v2 =) +f (Gad) eh) 


We can continue in this fashion. Use the previously computed approximation to get the next 
approximation. So, 


V3 = V2 + f(t, ¥2)(t; —t,) 
V4 = V3 +f (t,¥3)(t, —t;) 
etc. 
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In general, if we have ¢, and the approximation to the solution at this point, y,, and we want to 
find the approximation at ¢,+; all we need to do is use the following. 


Vast =n +f (t,.¥,)' (hut) 


If we define f, = f (iy Yn) we can simplify the formula to 


Yost = Yn t+ Sy * (tyr — by ) (2) 
Often, we will assume that the step sizes between the points fo , t) , t2, ... are of a uniform size of 
h. In other words, we will often assume that 
bial i t, = h 


This doesn’t have to be done and there are times when it’s best that we not do this. However, if 
we do the formula for the next approximation becomes. 


V2) ld, (3) 


So, how do we use Euler’s Method? It’s fairly simple. We start with (1) and then decide if we 
want to use a uniform step size or not. Then starting with (fo, yo) we repeatedly evaluate (2) or (3) 
depending on whether we chose to use a uniform step size or not. We continue until we’ve gone 
the desired number of steps or reached the desired time. This will give us a sequence of numbers 
V15¥2,¥3,.++.n that will approximate the value of the actual solution at t; , t2 , 3, ... tn. 


What do we do if we want a value of the solution at some other point than those used here? One 
possibility is to go back and redefine our set of points to a new set that will include the points we 
are after and redo Euler’s Method using this new set of points. However this is cumbersome and 
could take a lot of time especially if we had to make changes to the set of points more than once. 


Another possibility is to remember how we arrived at the approximations in the first place. 
Recall that we used the tangent line 


Y=Vot f(b» Yo )(t-ty) 


to get the value of y;. We could use this tangent line as an approximation for the solution on the 
interval [fo, t;]. Likewise, we used the tangent line 


YS) + f(t,¥,)(t-4) 
to get the value of y2. We could use this tangent line as an approximation for the solution on the 


interval [t), t2]. Continuing in this manner we would get a set of lines that, when strung together, 
should be an approximation to the solution as a whole. 


In practice you would need to write a computer program to do these computations for you. In 
most cases the function f(t,v) would be too large and/or complicated to use by hand and in most 
serious uses of Euler’s Method you would want to use hundreds of steps which would make 
doing this by hand prohibitive. So, here is a bit of pseudo-code that you can use to write a 
program for Euler’s Method that uses a uniform step size, h. 
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1. define f (ty) ; 

2. input ¢) and yo. 

3. input step size, / and the number of steps, n. 

4. forj from | ton do 
a. m=f (to, yo) 
b. yr=yoth*m 
Cth 
d. Print t; and y, 
e. tw=t 
f. yo=yi 

5. end 


The pseudo-code for a non-uniform step size would be a little more complicated, but it would 
essentially be the same. 


So, let’s take a look at a couple of examples. We’ll use Euler’s Method to approximate solutions 
to a couple of first order differential equations. The differential equations that we’ll be using are 
linear first order differential equations that can be easily solved for an exact solution. Of course, 
in practice we wouldn’t use Euler’s Method on these kinds of differential equations, but by using 
easily solvable differential equations we will be able to check the accuracy of the method. 
Knowing the accuracy of any approximation method is a good thing. It is important to know if 
the method is liable to give a good approximation or not. 


Example 1 For the IVP 

y'+2y=2-e% y(0)=1 
Use Euler’s Method with a step size of / = 0.1 to find approximate values of the solution at t = 
0.1, 0.2, 0.3, 0.4, and 0.5. Compare them to the exact values of the solution at these points. 


Solution 
This is a fairly simple linear differential equation so we’ll leave it to you to check that the 
solution is 


y(t) =14+50" ~se 


In order to use Euler’s Method we first need to rewrite the differential equation into the form 
given in (1). 
y' =) =e"! —2y 


From this we can see that f(t, y) =2-e* —2y. Also note that to = 0 and yo= 1. We can now 


start doing some computations. 
fy = f (0,1) =2-e) -2(1)=-1 
Y= th fy =1+(0.1)(-1) =0.9 
So, the approximation to the solution at t; = 0.1 is y; = 0.9. 


At the next step we have 


© 2007 Paul Dawkins 96 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


f =f (0.1,0.9) =2-e “) —2(0.9) =-0.470320046 
yy =y, thf, =0.9+(0.1)(—0.470320046) = 0.852967995 


Therefore, the approximation to the solution at t2 = 0.2 is y2 = 0.852967995. 


I'll leave it to you to check the remainder of these computations. 


JF, =—0.155264954 y3 = 0.837441500 
J, = 9.023922788 y, = 0.839833779 
Fi, = 9.1184359245 y; = 0.851677371 


Here’s a quick table that gives the approximations as well as the exact value of the solutions at 
the given points. 


Time, ¢,, Approximation Exact Error 
to=0 yo=l y(0) =1 0% 
t;=0.1 y; =0.9 y(0.1) = 0.925794646 | 2.79 % 
t2=0.2 | y2=0.852967995 | y(0.2) = 0.889504459 | 4.11 % 
t3=0.3 | y3=0.837441500 | (0.3) = 0.876191288 | 4.42 % 
t¢=0.4 | v4 =0.839833779 | (0.4) = 0.876283777 | 4.16 % 
ts=0.5 | ys =0.851677371 | v(0.5) = 0.883727921 | 3.63 % 


We’ve also included the error as a percentage. It’s often easier to see how well an approximation 
does if you look at percentages. The formula for this is, 


exact — approximate 
percent error =——————————— x 100 
exact 


We used absolute value in the numerator because we really don’t care at this point if the 
approximation is larger or smaller than the exact. We’re only interested in how close the two are. 


The maximum error in the approximations from the last example was 4.42%, which isn’t too bad, 
but also isn’t all that great of an approximation. So, provided we aren’t after very accurate 
approximations this didn’t do too badly. This kind of error is generally unacceptable in almost all 
real applications however. So, how can we get better approximations? 


Recall that we are getting the approximations by using a tangent line to approximate the value of 
the solution and that we are moving forward in time by steps of h. So, if we want a more 
accurate approximation, then it seems like one way to get a better approximation is to not move 
forward as much with each step. In other words, take smaller h’s. 


Example 2 Repeat the previous example only this time give the approximations att = 1, t =2, 
t =3,t =4,andt =5. Useh=0.1,h=0.05, h =0.01, h = 0.005, and A = 0.001 for the 
approximations. 


Solution 
Below are two tables, one gives approximations to the solution and the other gives the errors for 
each approximation. We’ll leave the computational details to you to check. 
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Time 
t=1 
t=2 
t=3 
t=4 
t=5 


Exact 


0.9414902 
0.9910099 
0.9987637 
0.9998323 
0.9999773 


h=0.1 

1.08 % 
0.036 % 
0.029 % 
0.0065 % 
0.0012 % 


h=0.1 
0.9313244 
0.9913681 
0.9990501 
0.9998976 
0.9999890 


Approximations 
h=0.05 
0.9364698 
0.9911126 
0.9988982 
0.9998657 
0.9999837 


h=0.01 


0.9404994 
0.9910193 
0.9987890 
0.9998390 
0.9999786 


Percentage Errors 


h=0.05 
0.53 % 
0.010 % 
0.013 % 
0.0033 % 
0.00064 % 


h=0.01 

0.105 % 
0.00094 % 
0.0025 % 
0.00067 % 
0.00013 % 


h=0.005 


0.053 % 
0.00041 % 
0.0013 % 
0.00034 % 

0.000068 % 


h =0.005 


0.9409957 
0.9910139 
0.9987763 
0.9998357 
0.9999780 


h=0.001 


0.9413914 
0.9910106 
0.9987662 
0.9998330 
0.9999774 


h =0.001 


0.0105 % 
0.0000703 % 
0.00025 % 
0.000067 % 
0.000014 % 


We can see from these tables that decreasing h does in fact improve the accuracy of the 
approximation as we expected. 


There are a couple of other interesting things to note from the data. First, notice that in general, 
decreasing the step size, h, by a factor of 10 also decreased the error by about a factor of 10 as 
well. 


Also, notice that as ¢ increases the approximation actually tends to get better. This isn’t the case 
completely as we can see that in all but the first case the ¢ = 3 error is worse than the error at ¢ = 2, 
but after that point, it only gets better. This should not be expected in general. In this case this is 
more a function of the shape of the solution. Below is a graph of the solution (the line) as well as 
the approximations (the dots) for = 0.1. 


y(t) 


1 2 3 4 5 


Notice that the approximation is worst where the function is changing rapidly. This should not be 
too surprising. Recall that we’re using tangent lines to get the approximations and so the value of 
the tangent line at a given ¢ will often be significantly different than the function due to the 
rapidly changing function at that point. 
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Also, in this case, because the function ends up fairly flat as ¢ increases, the tangents start looking 
like the function itself and so the approximations are very accurate. This won’t always be the 
case of course. 


Let’s take a look at one more example. 


Example 3 For the IVP 
yi-y=-5e' sin (5¢) +5e® cos (5¢) y(0)=0 


Use Euler’s Method to find the approximation to the solution att =1,t =2,¢ =3,t 
5. Useh=0.1, h = 0.05, h = 0.01, h = 0.005, and 4 = 0.001 for the approximations. 


4,andt = 


Solution 
I'll leave it to you to check the details of the solution process. The solution to this linear first 
order differential equation is. 


y(t) =e? sin(5¢) 


Here are two tables giving the approximations and the percentage error for each approximation. 


Approximations 
Time | Exact h=0.1 | h=0.05 | h=0.01 | h =0.005 | h=0.001 
t=1 | -1.58100 | -0.97167 | -1.26512 | -1.51580 | -1.54826 | -1.57443 
t=2 | -1.47880 | 0.65270 | -0.34327 | -1.23907 | -1.35810 | -1.45453 
t=3 | 2.91439 | 7.30209 | 5.34682 | 3.44488 | 3.18259 | 2.96851 
t=4 | 6.74580 | 15.56128 | 11.84839 | 7.89808 | 7.33093 6.86429 
t=5 | -1.61237 | 21.95465 | 12.24018 | 1.56056 | 0.0018864 | -1.28498 
Percentage Errors 

Time | A=0.1 h=0.05 | h=0.01 | h=0.005 | h=0.001 

t=1) 38.54% 19.98% | 4.12% 2.07 % 0.42 % 

t=2 | 144.14% | 76.79% | 16.21% | 8.16% 1.64 % 

t=3 | 150.55% | 83.46% | 18.20% | 9.20% 1.86 % 

t=4 | 130.68% | 75.64% | 17.08% | 867% 1.76 % 

t=5 | 1461.63 % | 859.14% | 196.79 % | 100.12 % | 20.30% 


So, with this example Euler’s Method does not do nearly as well as it did on the first IVP. Some 
of the observations we made in Example 2 are still true however. Decreasing the size of h 
decreases the error as we saw with the last example and would expect to happen. Also, as we saw 
in the last example, decreasing / by a factor of 10 also decreases the error by about a factor of 10. 


However, unlike the last example increasing ¢ sees an increasing error. This behavior is fairly 
common in the approximations. We shouldn’t expect the error to decrease as ¢ increases as we 
saw in the last example. Each successive approximation is found using a previous approximation. 
Therefore, at each step we introduce error and so approximations should, in general, get worse as 
t increases. 


Below is a graph of the solution (the line) as well as the approximations (the dots) for h = 0.05. 
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pit) 


As we can see the approximations do follow the general shape of the solution, however, the error 
is clearly getting much worse as ¢ increases. 


So, Euler’s method is a nice method for approximating fairly nice solutions that don’t change 
rapidly. However, not all solutions will be this nicely behaved. There are other approximation 
methods that do a much better job of approximating solutions. These are not the focus of this 
course however, so I'll leave it to you to look further into this field if you are interested. 


Also notice that we don’t generally have the actual solution around to check the accuracy of the 
approximation. We generally try to find bounds on the error for each method that will tell us how 
well an approximation should do. These error bounds are again not really the focus of this 
course, so I’1] leave these to you as well if you’re interested in looking into them. 
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Second Order Differential Equations 


Introduction 


In the previous chapter we looked at first order differential equations. In this chapter we will 
move on to second order differential equations. Just as we did in the last chapter we will look at 
some special cases of second order differential equations that we can solve. Unlike the previous 
chapter however, we are going to have to be even more restrictive as to the kinds of differential 
equations that we’ll look at. This will be required in order for us to actually be able to solve 
them. 


Here is a list of topics that will be covered in this chapter. 


Basic Concepts — Some of the basic concepts and ideas that are involved in solving 
second order differential equations. 


Real Roots — Solving differential equations whose characteristic equation has real roots. 


Complex Roots — Solving differential equations whose characteristic equation complex 
real roots. 


Repeated Roots — Solving differential equations whose characteristic equation has 
repeated roots. 


Reduction of Order — A brief look at the topic of reduction of order. This will be one of 
the few times in this chapter that non-constant coefficient differential equation will be 
looked at. 


Fundamental Sets of Solutions — A look at some of the theory behind the solution to 
second order differential equations, including looks at the Wronskian and fundamental 


sets of solutions. 


More on the Wronskian — An application of the Wronskian and an alternate method for 
finding it. 


Nonhomogeneous Differential Equations — A quick look into how to solve 
nonhomogeneous differential equations in general. 


Undetermined Coefficients — The first method for solving nonhomogeneous differential 
equations that we’ll be looking at in this section. 


Variation of Parameters — Another method for solving nonhomogeneous differential 
equations. 
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Mechanical Vibrations — An application of second order differential equations. This 
section focuses on mechanical vibrations, yet a simple change of notation can move this 
into almost any other engineering field. 
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Basic Concepts 


In this chapter we will be looking exclusively at linear second order differential equations. The 
most general linear second order differential equation is in the form. 


P(t)y"+q(t)y'+r(t)y=g(t) (1) 


In fact, we will rarely look at non-constant coefficient linear second order differential equations. 
In the case where we assume constant coefficients we will use the following differential equation. 


ay"+by'+cy= g(t) (2) 


Where possible we will use (1) just to make the point that certain facts, theorems, properties, 
and/or techniques can be used with the non-constant form. However, most of the time we will be 
using (2) as it can be fairly difficult to solve second order non-constant coefficient differential 
equations. 


Initially we will make our life easier by looking at differential equations with g(t) =0. When g(t) 
= 0 we call the differential equation homogeneous and when g(t) #0 we call the differential 


equation nonhomogeneous. 


So, let’s start thinking about how to go about solving a constant coefficient, homogeneous, linear, 
second order differential equation. Here is the general constant coefficient, homogeneous, linear, 
second order differential equation. 

ay" +by'+cy =0 


It’s probably best to start off with an example. This example will lead us to a very important fact 
that we will use in every problem from this point on. The example will also give us clues into 
how to go about solving these in general. 


Example 1 Determine some solutions to 

yx a 9y = 0 
Solution 
We can get some solutions here simply by inspection. We need functions whose second 
derivative is 9 times the original function. One of the first functions that I can think of that comes 
back to itself after two derivatives is an exponential function and with proper exponents the 9 will 
get taken care of as well. 


So, it looks like the following two functions are solutions. 
y(t) =e" and y(t)=e" 


We’ll leave it to you to verify that these are in fact solutions. 


These two functions are not the only solutions to the differential equation however. Any of the 
following are also solutions to the differential equation. 
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y(t) =—9e™ y(t) =123e" 
y(0) = 560" y(t)= te" 
y(t) =7e" —6e* y(t) =-92e" -16e* 


In fact if you think about it any function that is in the form 
y(t) =ce" +c,e™ 


will be a solution to the differential equation. 


This example leads us to a very important fact that we will use in practically every problem in 
this chapter. 


Principle of Superposition 


If y, (t) and y, (t) are two solutions to a linear, homogeneous differential equation then so is 


y(th=ay,(t)+ ey, (t) (3) 


Note that we didn’t include the restriction of constant coefficient or second order in this. This 
will work for any linear homogeneous differential equation. 


If we further assume second order and one other condition (which we’ll give in a second) we can 
go a step further. 


If y, (t) and y, (t) are two solutions to a linear, second order homogeneous differential 


equation and they are “nice enough” then the general solution to the linear, second order 
differential equation is given by (3). 


So, just what do we mean by “nice enough”? We’ll hold off on that until a later section. At this 
point you’ll hopefully believe it when we say that specific functions are “nice enough”. 


So, if we now make the assumption that we are dealing with a linear, second order differential 
equation, we now know that (3) will be its general solution. The next question that we can ask is 
how to find the constants c; and c2. Since we have two constants it makes sense, hopefully, that 
we will need two equations, or conditions, to find them. 


One way to do this is to specify the value of the solution at two distinct points, or, 
V(t) =Yo y(t Jay, 


These are typically called boundary values and are not really the focus of this course so we won’t 
be working with them. 


Another way to find the constants would be to specify the value of the solution and its derivative 
at a particular point. Or, 


V(t )=M V'(H)=M 
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These are the two conditions that we’ll be using here. As with the first order differential 
equations these will be called initial conditions. 


Example 2 Solve the following IVP. 
y"-9y=0 y(0)=2 ~y'(0)=-1 
Solution 


First, the two functions 
3t 


y(t)=e and y(t)=e 
are “nice enough” for us to form the general solution to the differential equation. At this point, 
please just believe this. You will be able to verify this for yourself in a couple of sections. 


The general solution to our differential equation is then 
y(t) =ce™ +c,e" 


Now all we need to do is apply the initial conditions. This means that we need the derivative of 
the solution. 


y'(t)=-3ce™ +3c,e* 
Plug in the initial conditions 
2=y(0)=c, +e, 
-1=y'(0)=-3e, +3c, 


This gives us a system of two equations and two unknowns that can be solved. Doing this yields 


c= > Cc, == 


6 


The solution to the IVP is then, 


Up to this point we’ve only looked at a single differential equation and we got its solution by 
inspection. For a rare few differential equations we can do this. However, for the vast majority 
of the second order differential equations out there we will be unable to do this. 


So, we would like a method for arriving at the two solutions we will need in order to form a 
general solution that will work for any linear, constant coefficient, second order differential 
equation. This is easier than it might initially look. 


We will use the solutions we found in the first example as a guide. All of the solutions in this 
example were in the form 
y (t) = ee” 


Note, that we didn’t include a constant in front of it since we can literally include any constant 
that we want and still get a solution. The important idea here is to get the exponential function. 
Once we have that we can add on constants to our hearts content. 
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So, let’s assume that all solutions to 
ay" +by'+cy =0 (4) 
will be of the form 


y(t)=e" (5) 


To see if we are correct all we need to do is plug this into the differential equation and see what 
happens. So, let’s get some derivatives and then plug in. 


y'(t)=re" Vihar" 

a(r’e)+b(re)+c(e”) =0 

e” (ar? +br +c) =0 

So, if (5) is to be a solution to (4) then the following must be true 
e” (ar? + br +c) =0 


This can be reduced further by noting that exponentials are never zero. Therefore, (5) will be a 
solution to (4) provided r is a solution to 


ar’ +br+c=0 (6) 
This equation is typically called the characteristic equation for (4). 


Okay, so how do we use this to find solutions to a linear, constant coefficient, second order 
differential equation? First write down the characteristic equation, (6), for the differential 
equation, (4). This will be a quadratic equation and so we should expect two roots, 7; and r>. 
Once we have these two roots we have two solutions to the differential equation. 


y,(t)=e" and y,(t)=e™! (7) 
Let’s take a look at a quick example. 
Example 3 Find two solutions to 
yao = 


Solution 

This is the same differential equation that we looked at in the first example. This time however, 
let’s not just guess. Let’s go through the process as outlined above to see the functions that we 
guess above are the same as the functions the process gives us. 


First write down the characteristic equation for this differential equation and solve it. 
r’-9=0 = r=1+3 


The two roots are 3 and -3. Therefore, two solutions are 
y,(t) =e” and y,(t)=e 


These match up with the first guesses that we made in the first example. 
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You'll notice that we neglected to mention whether or not the two solutions listed in (7) are in 
fact “nice enough” to form the general solution to (4). This was intentional. We have three cases 
that we need to look at and this will be addressed differently in each of these cases. 


So, what are the cases? As we previously noted the characteristic equation is quadratic and so 
will have two roots, 7; and rz. The roots will have three possible forms. These are 


1. Real, distinct roots, 7%, #1,. 
2. Complex root,7,, =A+ wi. 


3. Double roots,7, =r, =r. 


The next three sections will look at each of these in some more depth, including giving forms for 
the solution that will be “nice enough” to get a general solution. 
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Real, Distinct Roots 


It’s time to start solving constant coefficient, homogeneous, linear, second order differential 
equations. So, let’s recap how we do this from the last section. We start with the differential 
equation. 

ay"+by'+cy =0 


Write down the characteristic equation. 
ar’ +br+c=0 


Solve the characteristic equation for the two roots, 7; and 72. This gives the two solutions 
a a t 
y,(t)=e" and y,(t) =e” 


Now, if the two roots are real and distinct (i.e. 7% #7,) it will turn out that these two solutions are 
“nice enough” to form the general solution 
rt ryt 
y(t) =ce +c,e 


As with the last section, we’ll ask that you believe us when we say that these are “nice enough”. 
You will be able to prove this easily enough once we reach a later section. 


With real, distinct roots there really isn’t a whole lot to do other than work a couple of examples 
so let’s do that. 


Example 1 Solve the following IVP. 

y"+1ly'+24y=0 y(0)=0 y'(0)=-7 
Solution 
The characteristic equation is 


r’+11r+24=0 
(r+8)(r +3) =0 

Its roots are 7; = - 8 and r2 = -3 and so the general solution and its derivative is. 
y(t)=ce" +c,e% 


y'(t)=—8c,e" -—3c,e™ 


Now, plug in the initial conditions to get the following system of equations. 
0 = y(0) =c,+¢, 
-7=y'(0)=-8c, -3c, 


Solving this system gives c, =~ and c, =—+. The actual solution to the differential equation is 
then 
7 -8t 7 —3t 
f)=—e"-—e 
TOE es, 
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Example 2 Solve the following IVP 

y"+3y'-10y=0 y(0)=4 y'(0)=-2 
Solution 
The characteristic equation is 


Its roots are r; = - 5 and r2 = 2 and so the general solution and its derivative is. 
y(t)=ce” +c,e" 


y'(t) =—See* + 2c,e" 


Now, plug in the initial conditions to get the following system of equations. 
4=y(0)=c¢,+e, 
—2 = y'(0) =-5e, + 2c, 


10 


Solving this system gives c, == 


then 


and c, = +%. The actual solution to the differential equation is 


Example 3 Solve the following IVP. 

3y"+2y'-8y =0 y(0)=-6 y'(0)=-18 
Solution 
The characteristic equation is 


3r? +2r—8=0 
(3r-4)(r+2)=0 


Its roots are ry = + and r2 = -2 and so the general solution and its derivative is. 
3 g 
a 21 
y(t) =ce* +c,e 


4 4 e 
y(t)= 3c > —2coe™ 
Now, plug in the initial conditions to get the following system of equations. 
-6=y(0)=¢,+¢, 


-18=y'(0) =F —2c, 


Solving this system gives c; = -9 and c2= 3. The actual solution to the differential equation is 
then. 


y(t)= 9e* +3e" 
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Example 4 Solve the following IVP 

Aya) GEZR0 ala 7 
Solution 
The characteristic equation is 


The roots of this equation are r; = 0 and r2= +. Here is the general solution as well as its 


derivative. 
5t 5t 


y(t)=ce’+c,e* =c,+c,e* 


Up to this point all of the initial conditions have been at t = 0 and this one isn’t. Don’t get too 
locked into initial conditions always being at t = 0 and you just automatically use that instead of 
the actual value for a given problem. 


So, plugging in the initial conditions gives the following system of equations to solve. 


0=y(-2)=<¢, +c,e2 


Solving this gives. 


The solution to the differential equation is then. 
28 28 3 s 28 8 sty 
aS Ce a= + 
y( ) ti =) 


5 
= 2 


In a differential equations class most instructors (including me....) tend to use initial conditions at 
t = 0 because it makes the work a little easier for the students as they are trying to learn the 
subject. However, there is no reason to always expect that this will be the case, so do not start to 
always expect initial conditions at ¢t = 0! 


Let’s do one final example to make another point that you need to be made aware of. 
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Example 5 Find the general solution to the following differential equation. 
y"—6y'-2y=0 

Solution 

The characteristic equation is. 


r’—6r—2=0 


The roots of this equation are. 


his =3+/11 


Now, do NOT get excited about these roots they are just two real numbers. 


r=34+vil and r =3-ViIl 


Admittedly they are not as nice looking as we may be used to, but they are just real numbers. 
Therefore, the general solution is 


(3+vi1 )e 


y(t)=ce + ier 


If we had initial conditions we could proceed as we did in the previous two examples although 
the work would be somewhat messy and so we aren’t going to do that for this example. 


The point of the last example is make sure that you don’t get to used to “nice”, simple roots. In 
practice roots of the characteristic equation will generally not be nice, simple integers or fractions 
so don’t get too used to them! 
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Complex Roots 


In this section we will be looking at solutions to the differential equation 
ay" +by'+cy =0 
in which roots of the characteristic equation, 
ar’ +br+c=0 
are complex roots in the form 7,, =A + yi. 


Now, recall that we arrived at the characteristic equation by assuming that all solutions to the 
differential equation will be of the form 


Plugging our two roots into the general form of the solution gives the following solutions to the 
differential equation. 


y, (é)= gia and y,(t)= ere! 


Now, these two functions are “nice enough” (there’s those words again... we’ ll get around to 
defining them eventually) to form the general solution. We do have a problem however. Since 
we started with only real numbers in our differential equation we would like our solution to only 
involve real numbers. The two solutions above are complex and so we would like to get our 
hands on a couple of solutions (“nice enough” of course...) that are real. 


To do this we’ll need Euler’s Formula. 
e” =cosO+isin@ 


A nice variant of Euler’s Formula that we’ll need is. 
e” =cos(—0)+isin(—@) = cos @—isin @ 


Now, split up our two solutions into exponentials that only have real exponents and exponentials 
that only have imaginary exponents. Then use Euler’s formula, or its variant, to rewrite the 
second exponential. 


y,(t)=ee"! =e" (cos( ut) +isin(t)) 
y, (t)=ee*! =e" (cos (ut) —isin(t)) 


This doesn’t eliminate the complex nature of the solutions, but it does put the two solutions into a 
form that we can eliminate the complex parts. 


Recall from the basics section that if two solutions are “nice enough” then any solution can be 
written as a combination of the two solutions. In other words, 


y(t) =cy,(t)+ey, (t) 
will also be a solution. 


Using this let’s notice that if we add the two solutions together we will arrive at. 
y,(t) + y,(t) = 2e* cos( yt) 
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This is a real solution and just to eliminate the extraneous 2 let’s divide everything by a 2. This 
gives the first real solution that we’re after. 


u(t)=s9 (esr (=e cos (ut) 


Note that this is just equivalent to taking 
1 
C,=C, == 


2 


Now, we can arrive at a second solution in a similar manner. This time let’s subtract the two 
original solutions to arrive at. 


y,(t)—y, (t) = 2ie” sin(wt) 


On the surface this doesn’t appear to fix the problem as the solution is still complex. However, 
upon learning that the two constants, c; and c? can be complex numbers we can arrive at a real 
solution by dividing this by 27. This is equivalent to taking 


1 1 
Cc = Dy and Cy — ar 
Our second solution will then be 
1 1 
v(t) SB) 5 (t) =e” sin (ut) 


We now have two solutions (we’ll leave it to you to check that they are in fact solutions) to the 
differential equation. 


u(t)=e“cos(ut) and  v(t)=e” sin(yt) 
It also turns out that these two solutions are “nice enough” to form a general solution. 


So, if the roots of the characteristic equation happen to be 7,, = 2 + zi the general solution to 
the differential equation is. 
y(t) =ce“ cos(ut)+c,e“ sin (yt) 


Let’s take a look at a couple of examples now. 


Example 1 Solve the following IVP. 

y"—4y'+9y =0 y(0)=0 y'(0)=-8 
Solution 
The characteristic equation for this differential equation is. 


r’—4r+9=0 
The roots of this equation are 7,, = 2+ V5 i. The general solution to the differential equation is 
then. 


y(t) =ce" cos (V5) +c,e” sin (v5) 
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Now, you’ll note that we didn’t differentiate this right away as we did in the last section. The 
reason for this is simple. While the differentiation is not terribly difficult, it can get a little messy. 
So, first looking at the initial conditions we can see from the first one that if we just applied it we 
would get the following. 


0=y(0)=c, 


In other words, the first term will drop out in order to meet the first condition. This makes the 
solution, along with its derivative 


y(t)=ce" sin (V5) 
y' (t) =2c,e* sin (V5) +V5c,e" cos(V5r) 


A much nicer derivative than if we’d done the original solution. Now, apply the second initial 
condition to the derivative to get. 


“8=y(0)=V5e, = = 


8 
V5 
The actual solution is then. 


y(t)= ~ye sin(V5*) 


Example 2 Solve the following IVP. 

y"-8y'+17y=0 y(0)=-4 y'(0)=-1 
Solution 
The characteristic equation this time is. 


r’—8r+17=0 


The roots of this are 7,, =4+7. The general solution as well as its derivative is 
y(t) =ce" cos(t)+c,e" sin (t) 
y'(t) =4c,e* cos(t)—c,e” sin(t) + 4c,e” sin(¢)+c,e” cos(r) 


Notice that this time we will need the derivative from the start as we won’t be having one of the 
terms drop out. Applying the initial conditions gives the following system. 


—4=y(0)=¢, 
-1=y'(0)=4e, +c, 


Solving this system gives c, =—4 and c, =15. The actual solution to the IVP is then. 
y(t) =—4e* cos(t)+15e” sin (1) 
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Example 3 Solve the following IVP. 

4y"+24y'+37y=0 8 y(z)=1 ~~ y'(z)=0 
Solution 
The characteristic equation this time is. 


Ar? +24r+37=0 


The roots of this are 7,, =—3+47. The general solution as well as its derivative is 


3 t 3p ef t 
y(t)=ce” cos{ $) +00 : sin{ 5 
y'(t) =—3c,e™ cos £)_ Se sinf —3c,e* sin £\ 42 @ co8{ £ 
2 ae 2 2 2 Z 


Applying the initial conditions gives the following system. 
sy 1 an a 2 30 
l=y(z)=ce~ cos( =] +c,e° sin( ©) =ce° 


0=y'(z)= oso —3c,e°" 


Do not forget to plug the ¢ = 1 into the exponential! This is one of the more common mistakes 
that students make on these problems. Also, make sure that you evaluate the trig functions as 
much as possible in these cases. It will only make your life simpler. Solving this system gives 


ee = 
c, =—6e c, =e 


The actual solution to the IVP is then. 


t t 
t)=—6e*”e cos} — |+e'e ™ sin| — 
v(t) (<| 2 


Let’s do one final example before moving on to the next topic. 


Example 4 Solve the following IVP. 


a a 
"+16y =0 — |=-10 ‘| —|=3 
yri6y=0 94) (3) 
Solution 
The characteristic equation for this differential equation and its roots are. 
r’+16=0 = path 


The general solution to this differential equation and its derivative is. 
y(t) =c, cos(4t)+c, sin(4r) 
y'(t) =—4e, sin (4t) + 4c, cos(4r) 
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Plugging in the initial conditions gives the following system. 


1 
-10=»(=)=« c,=—10 
| 3 
= y(F) de, an 


So, the constants drop right out with this system and the actual solution is 


y(t) ==10c0s( 4") +2sin (4) 
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Repeated Roots 


In this section we will be looking at the last case for the constant coefficient, linear, homogeneous 
second order differential equations. In this case we want solutions to 
ay"+by'+cy =0 
where solutions to the characteristic equation 
ar’ +br+c=0 
are double roots r; = 12 =r. 


This leads to a problem however. Recall that the solutions are 
vine =e”! y,(t) =e?! ag" 

These are the same solution and will NOT be “nice enough” to form a general solution. I do 

promise that I'll define “nice enough” eventually! So, we can use the first solution, but we’re 

going to need a second solution. 


Before finding this second solution let’s take a little side trip. The reason for the side trip will be 
clear eventually. From the quadratic formula we know that the roots to the characteristic equation 


are, 
she Vb° —4ac 
ho = 
2a 
In this case, since we have double roots we must have 
b’ —4ac =0 
This is the only way that we can get double roots and in this case the roots will be 
—b 
r,=— 
Da 
So, the one solution that we’ve got is 
_bt 
y (t) =e 2a 


To find a second solution we will use the fact that a constant times a solution to a linear 
homogeneous differential equation is also a solution. If this is true then maybe we’ll get lucky and 
the following will also be a solution 


bt 
yy (t)=v(t) y,(t)=v(tje = (1) 
with a proper choice of v(t). To determine if this in fact can be done, let’s plug this back into the 


differential equation and see what we get. We’ll first need a couple of derivatives. 
bt b bt 


y,(t)=vie * ae 


2 


" " zt ’ $e b ’ 5 5 
y3(t)=v e* Ver ey 6 + ve 
2a 2a 4a 
2 
=ye ™——yve *+——ve 
a 4a 
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We dropped the (¢) part on the v to simplify things a little for the writing out of the derivatives. 
Now, plug these into the differential equation. 


, 2 b , bbe bt bbe _bt 
Ge ae ee A RO a ee te(ve *)=0 
a 4a 2a 


We can factor an exponential out of all the terms so let’s do that. We’ll also collect all the 
coefficients of v and its derivatives. 


bt 2 2 
e* [avrs(-osoyvs[ EP els =0 


4a 2a 


Now, because we are working with a double root we know that that the second term will be zero. 
Also exponentials are never zero. Therefore, (1) will be a solution to the differential equation 
provided v(t) is a function that satisfies the following differential equation. 

av" =0 OR v"=0 


We can drop the a because we know that it can’t be zero. If it were we wouldn’t have a second 
order differential equation! So, we can now determine the most general possible form that is 
allowable for v(t). 


vi=[v'dt=c v(t)=[vidt=ct+k 


This is actually more complicated than we need and in fact we can drop both of the constants 
from this. To see why this is let’s go ahead and use this to get the second solution. The two 


solutions are then 
bt _bt 


y,(t)=(ct+k)e * 


Eventually you will be able to show that these two solutions are “nice enough” to form a general 
solution. The general solution would then be the following. 


_ bt _ bt 
y(t)=ce *+c,(ct+k)e ™ 
_ bt _ bt 
=ce *+(c,ct+c,k)e ™ 
_bt _ bt 
=(c,+¢,k)e *+c,cte 
Notice that we rearranged things a little. Now, c, k, c;, and c2 are all unknown constants so any 


combination of them will also be unknown constants. In particular, c;+c2 4 and c2c are unknown 
constants so we’ll just rewrite them as follows. 


bt 


y(t) = cet +c,te ™ 
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So, if we go back to the most general form for v(t) we can take c=/ and k=0 and we will arrive at 
the same general solution. 


Let’s recap. If the roots of the characteristic equation are r; = r2 = r, then the general solution is 
then 


y(t) =ce" +c,te" 


Now, let’s work a couple of examples. 


Example 1 Solve the following IVP. 

y"—4y'+4y =0 y(0)=12—y'(0)=-3 
Solution 
The characteristic equation and its roots are. 


r’—4r+4=(r—2) =0 i=? 


The general solution and its derivative are 
y(t) =ce" +c,te” 


y'(t) =2ce" +c,e% + 2c,te“ 


Don’t forget to product rule the second term! Plugging in the initial conditions gives the 
following system. 


12=y(0)=<¢, 
-3=y'(0)=2¢, +e, 


This system is easily solve to get c; = 12 and c2 = -27. The actual solution to the IVP is then. 
y(t) =12e" —27te” 


Example 2 Solve the following IVP. 


9 
l6y"—40y'+25y =0 y(0)=3 A siege 
Solution 
The characteristic equation and its roots are. 
16r? —40r + 25 =(4r-5) =0 i= 


The general solution and its derivative are 


y(t) = cet + cote? 


5 St st 5 St 
y'(t)=—ce? +c,e* +—c,te# 
4 4 


Don’t forget to product rule the second term! Plugging in the initial conditions gives the 
following system. 
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3=y(O)=¢, 
De ag 5 
ras (Oe i FC) 


This system is easily solve to get c; =3 and c?=-6. The actual solution to the IVP is then. 


y(t)= 3e* —6te? 


Example 3 Solve the following IVP 

y'+14y'+49y =0 y(-4)=-1  y'(-4)=5 
Solution 
The characteristic equation and its roots are. 


r+14r+49=(r+7) =0 ho =77 
The general solution and its derivative are 
y(t)=ce" +e,te”" 
y'(t)=-Tee" +c,e°" —7c,te" 
Plugging in the initial conditions gives the following system of equations. 
—1=y(-4)=ce™ -4c,e* 
5 = y'(-4) =-7ce* +c,e* + 28c,e% =-Tc,e* +29c,e" 


Solving this system gives the following constants. 
c,=—9e°* c, =—2e** 


The actual solution to the IVP is then. 
y (1) = —9e a” = 2te %e™ 


y (t) = Genes) = 76) 
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Reduction of Order 


We’re now going to take a brief detour and look at solutions to non-constant coefficient, second 
order differential equations of the form. 


p(t)y"+q(t)y'+r(t)y =0 


In general, finding solutions to these kinds of differential equations can be much more difficult 
than finding solutions to constant coefficient differential equations. However, if we already know 
one solution to the differential equation we can use the method that we used in the last section to 
find a second solution. This method is called reduction of order. 


Let’s take a quick look at an example to see how this is done. 


Example 1 Find the general solution to 

ty" +ty'-3y=0 
given that y, (t) =t' isa solution. 
Solution 


Reduction of order requires that a solution already be known. Without this known solution we 
won’t be able to do reduction of order. 


Once we have this first solution we will then assume that a second solution will have the form 
y,(t)=v(4) (4) (1) 


for a proper choice of v(t). To determine the proper choice, we plug the guess into the differential 
equation and get a new differential equation that can be solved for v(t). 


So, let’s do that for this problem. Here is the form of the second solution as well as the 
derivatives that we'll need. 


y,(t)=t"v y(t) =v y3(t) = 20° v— 20? v' +0°'V" 
Plugging these into the differential equation gives 
20 (2¢?v— 2470! +0") + ¢(-1 vet v'}-3(t'y} =0 

Rearranging and simplifying gives 

2tv" +(-4-+41)v'+(4¢7 -27 -3¢" Jv =0 

2tv" —3v' =0 

Note that upon simplifying the only terms remaining are those involving the derivatives of v. The 
term involving v drops out. If you’ve done all of your work correctly this should always happen. 


Sometimes, as in the repeated roots case, the first derivative term will also drop out. 


So, in order for (1) to be a solution then v must satisfy 


21" -3v' =0 (2) 


This appears to be a problem. In order to find a solution to a second order non-constant 
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coefficient differential equation we need to solve a different second order non-constant 
coefficient differential equation. 


However, this isn’t the problem that it appears to be. Because the term involving the v drops out 
we can actually solve (2) and we can do it with the knowledge that we already have at this point. 
We will solve this by making the following change of variable. 

w=v' => we=v" 


With this change of variable (2) becomes 

2tw' -3w=0 
and this is a linear, first order differential equation that we can solve. This also explains the name 
of this method. We’ve managed to reduce a second order differential equation down to a first 
order differential equation. 


This is a fairly simple first order differential equation so I’1] leave the details of the solving to 
you. If you need a refresher on solving linear, first order differential equations go back to the 
second chapter and check out that section. The solution to this differential equation is 


w(t) = ct? 


Now, this is not quite what we were after. We are after a solution to (2). However, we can now 
find this. Recall our change of variable. 


x 
Il 
= 


With this we can easily solve for v(t). 


v(t) = [wat =[ct? dt==et! +k 


This is the most general possible v(t) that we can use to get a second solution. So, just as we did 
in the repeated roots section, we can choose the constants to be anything we want so choose them 
to clear out all the extraneous constants. In this case we can use 


c=— k=0 
2. 


Using these gives the following for v(t) and for the second solution. 
é 3 $ 
v(t)=0 => n= (4)=4 
Then general solution will then be, 


y (t) = er’ + ct? 


If we had been given initial conditions we could then differentiate, apply the initial conditions and 
solve for the constants. 


Reduction of order, the method used in the previous example can be used to find second solutions 
to differential equations. However, this does require that we already have a solution and often 
finding that first solution is a very difficult task and often in the process of finding the first 
solution you will also get the second solution without needing to resort to reduction of order. So, 


© 2007 Paul Dawkins 122 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


for those cases when we do have a first solution this is a nice method for getting a second 
solution. 


Let’s do one more example. 


Example 2 Find the general solution to 
ty" +2ty'-2y =0 
given that y, (t) =f isa solution. 


Solution 
The form for the second solution as well as its derivatives are, 


y,(t) = yh (t)=v+n' yh (t)=2v' +0" 


Plugging these into the differential equation gives, 
t? (2v' +tv")+2t(v+t’)-2(tv) =0=0 


Rearranging and simplifying gives the differential equation that we’ ll need to solve in order to 
determine the correct v that we’ll need for the second solution. 


tyv"+4tv' =0 


Next use the variable transformation as we did in the previous example. 


w=v > w=y" 


With this change of variable the differential equation becomes 

tw'+4t°w=0 
and this is a linear, first order differential equation that we can solve. We’ll leave the details of 
the solution process to you. 


Now solve for v(t). 


v(t)= [wat =[ct* at = ~3ct" +k 


As with the first example we'll drop the constants and use the following v(t) 
v(t)=t° => Wate let 


Then general solution will then be, 


y(t)= e+ 


On a side note, both of the differential equations in this section were of the form, 
2." 


ty"+aty'+By=0 
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These are called Euler differential equations and are fairly simple to solve directly for both 
solutions. To see how to solve these directly take a look at the Euler Differential Equation 
section. 
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Fundamental Sets of Solutions 


The time has finally come to define “nice enough”. We’ve been using this term throughout the 
last few sections to describe those solutions that could be used to form a general solution and it is 
now time to officially define it. 


First, because everything that we’re going to be doing here only requires linear and homogeneous 
we won’t require constant coefficients in our differential equation. So, let’s start with the 
following IVP. 

D(t)y"+q(t)y'+r(t)y=0 
, (1) 
yb) = ¥' (tH) = Yo 


Let’s also suppose that we have already found two solutions to this differential equation, y(t) and 
y2(t). We know from the Principle of Superposition that 


y(t)=a(t)+ ey», (¢) (2) 


will also be a solution to the differential equation. What we want to know is whether or not it 
will be a general solution. In order for (2) to be considered a general solution it must satisfy the 
general initial conditions in (1). 


Y(t) =H V'(%)=N% 
This will also imply that any solution to the differential equation can be written in this form. 


So, let’s see if we can find constants that will satisfy these conditions. First differentiate (2) and 
plug in the initial conditions. 


Yo = y(t) =CY, (t,) +C,), (t, ) 


; (3) 
Yo = y'(t) =Cy; (i) + Cy), (t,) 
Since we are assuming that we’ve already got the two solutions everything in this system is 
technically known and so this is a system that can be solved for c; and c2. This can be done in 
general using Cramer’s Rule. Using Cramer’s Rule gives the following solution. 
Vo y(t) V, (ty) Yo 
% Vs (4) Vilto) Yo 
a= c= (4) 


ng (t,) yo (%) 
V(t) Vy (t,) 


where, 


=ad —be 


d 


is the determinant of a 2x2 matrix. If you don’t know about determinants that is okay, just use 
the formula that we’ve provided above. 
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Now, (4) will give the solution to the system (3). Note that in practice we generally don’t use 
Cramer’s Rule to solve systems, we just proceed in a straightforward manner and solve the 
system using basic algebra techniques. So, why did we use Cramer’s Rule here then? 


We used Cramer’s Rule because we can use (4) to develop a condition that will allow us to 
determine when we can solve for the constants. All three (yes three, the denominators are the 
same!) of the quantities in (4) are just numbers and the only thing that will prevent us from 
actually getting a solution will be when the denominator is zero. 


The quantity in the denominator is called the Wronskian and is denoted as 


w(Fe=liy Su fOe 0-800 


When it is clear what the functions and/or ¢ are we often just denote the Wronskian by W. 


Let’s recall what we were after here. We wanted to determine when two solutions to (1) would 
be nice enough to form a general solution. The two solutions will form a general solution to (1) if 
they satisfy the general initial conditions given in (1) and we can see from Cramer’s Rule that 
they will satisfy the initial conditions provided the Wronskian isn’t zero. Or, 


J, (t,) Vo (t,) 


W (M302 )(to) = = ¥; (to) ¥5 (tp) — ¥2 (to) 4 (tm) #0 


So, suppose that y(t) and y2(t) are two solutions to (1) and that Wy, y2)(t) #(. Then the two 


solutions are called a fundamental set of solutions and the general solution to (1) is 
y(t) = CY, (t)+c,y, (t) 


We know now what “nice enough” means. Two solutions are “nice enough” if they are a 
fundamental set of solutions. 


So, let’s check one of the claims that we made in a previous section. We’ll leave the other two to 
you to check if you’d like to. 


Example 1 Back in the complex root section we made the claim that 

y,(t) =e” cos(pt) and iy, (t) =e“ sin(wt) 
were a fundamental set of solutions. Prove that they in fact are. 
Solution 


So, to prove this we will need to take the Wronskian for these two solutions and show that it isn’t 
Zero. 
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ae e” cos( ut) e” sin( yt) 
Ae“ cos(ut)— pe“ sin(yt) Ae” sin( wt) + ue“ cos(t) 
=e” cos (it) ( Ae“ sin(wt)+ we“ cos (1) - 
e“ sin (yt) (Ae“ cos (ut) — pe“ sin(ut)) 
= pe’ cos’ (ut) + ye sin’ (41) 
= ne (cos” (ut) +sin’ (ut) 


Now, the exponential will never be zero and wu # 0 (if it were we wouldn’t have complex roots!) 


and so W #0. Therefore, these two solutions are in fact a fundamental set of solutions and so 
the general solution in this case is. 


y(t) =ce” cos(ut)+c,e“ sin( ut) 


Example 2 In the first example that we worked in the Reduction of Order section we found a 
second solution to 


2?’ y" +ty’ -3y=0 


Show that this second solution, along with the given solution, form a fundamental set of solutions 
for the differential equation. 


Solution 
The two solutions from that example are 


y,(t)=0" y,(t}= 2 


Let’s compute the Wronskian of these two solutions. 


3 
t! 


t2 
= 34 = (-" 
2 


Ni 
——— 

| 
Nl Nn 

~ 

ae 

II 

| Or 


34 
2 


So, the Wronskian will never be zero. Note that we can’t plug ¢ = 0 into the Wronskian. This 
would be a problem in finding the constants in the general solution, except that we also can’t plug 
t = 0 into the solution either and so this isn’t the problem that it might appear to be. 


So, since the Wronskian isn’t zero for any ¢ the two solutions form a fundamental set of solutions 


and the general solution is 
3 
2 


y(t) = fs +c,t 


as we claimed in that example. 


To this point we’ve found a set of solutions then we’ve claimed that they are in fact a 
fundamental set of solutions. Of course, you can now verify all those claims that we’ve made, 
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however this does bring up a question. How do we know that for a given differential equation a 
set of fundamental solutions will exist? The following theorem answers this question. 


Theorem 


Consider the differential equation 

y"+ p(t)y'+q(t)y =0 
where p(t) and q(t) are continuous functions on some interval I. Choose fo to be any point in the 
interval I. Let y(t) be a solution to the differential equation that satisfies the initial conditions. 


y(t)=1 y'(4)=0 


Let y2(t) be a solution to the differential equation that satisfies the initial conditions. 


y()=0 — y(G)=I 


Then y(t) and y(t) form a fundamental set of solutions for the differential equation. 


It is easy enough to show that these two solutions form a fundamental set of solutions. Just 
compute the Wronskian. 


W(¥.¥2)(to) = Vil) y 


Vito) y¥ 


=1-0=1+0 
1 


-| i 


NSN 
ane 
™ 
o 
— 


So, fundamental sets of solutions will exist provided we can solve the two IVP’s given in the 
theorem. 


Example 3 Use the theorem to find a fundamental set of solutions for 
y'+4y'+3y=0 
using to = 0. 


Solution 
Using the techniques from the first part of this chapter we can find the two solutions that we’ve 
been using to this point. 


y(t)=e™ y(t)=e" 


These do form a fundamental set of solutions as we can easily verify. However, they are NOT 
the set that will be given by the theorem. Neither of these solutions will satisfy either of the two 
sets of initial conditions given in the theorem. We will have to use these to find the fundamental 
set of solutions that is given by the theorem. 


We know that the following is also a solution to the differential equation. 
y(t)=ce™ +c,e° 


So, let’s apply the first set of initial conditions and see if we can find constants that will work. 


y(0)=1 y'(0)=0 


We'll leave it to you to verify that we get the following solution upon doing this. 
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Likewise, if we apply the second set of initial conditions, 
y(0)=0 —— y'(0)=1 


we will get 


According to the theorem these should form a fundament set of solutions. This is easy enough to 
check. 


Baer! +4 oe" ig ett 
wal 2 
-e* et ee = —e”! 
2 2 2 
- 1 ee = 3 e” 3 e 1 e” 1 e* par 3 ee 2 e” 
2 2 jlo 2 2 2 2 
=e" #0 


So, we got a completely different set of fundamental solutions from the theorem than what we’ ve 
been using up to this point. This is not a problem. There are an infinite number of pairs of 
functions that we could use as a fundamental set of solutions for this problem. 


So, which set of fundamental solutions should we use? Well, if we use the ones that we 
originally found, the general solution would be, 


y(t)=ce™ +c,e° 
Whereas, if we used the set from the theorem the general solution would be, 
Uh eae ee Dia atpeay Aces 
t)=c,|-~e +—e |+c,}/-—e° + —e 
Ae , a 9 


This would not be very fun to work with when it came to determining the coefficients to satisfy a 
general set of initial conditions. 


So, which set of fundamental solutions should we use? We should always try to use the set that is 
the most convenient to use for a given problem. 
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More on the Wronskian 


In the previous section we introduced the Wronskian to help us determine whether two solutions 
were a fundamental set of solutions. In this section we will look at another application of the 
Wronskian as well as an alternate method of computing the Wronskian. 


Let’s start with the application. We need to introduce a couple of new concepts first. 


Given two non-zero functions f(x) and g(x) write down the following equation. 

cf (x)+kg(x)=0 (1) 
Notice that c = 0 and k = 0 will make (1) true for all x regardless of the functions that we use. 
Now, if we can find non-zero constants c and k for which (1) will also be true for all x then we 


call the two functions linearly dependent. On the other hand if the only two constants for which 
(1) is true are c = 0 and & = 0 then we call the functions linearly independent. 


Example 1 Determine if the following sets of functions are linearly dependent or linearly 
independent. 


(a) f(x) =9cos(2x) g(x)=2cos’(x)—2sin?(x) [Solution] 
(b) f(t) = 20° g(t)=t* [Solution] 


Solution 


(a) f(x) =9cos(2x) g(x) =2cos’ (x)—2sin’ (x) 


We’ll start by writing down (1) for these two functions. 
c(9 cos (2x)) +k(2 cos’ (x)—2sin? (x)) =0 


We need to determine if we can find non-zero constants c and k that will make this true for all x 
or if c= 0 and k = 0 are the only constants that will make this true for all x. This is often a fairly 
difficult process. The process can be simplified with a good intuition for this kind of thing, but 
that’s hard to come by, especially if you haven’t done many of these kinds of problems. 


In this case the problem can be simplified by recalling 
cos’ (x)—sin’ (x)= cos (2x) 
Using this fact our equation becomes. 
9c cos(2x)+2k cos(2x) =0 
(9c +2k)cos(2x)=0 


With this simplification we can see that this will be zero for any pair of constants c and & that 
satisfy 
9c+2k =0 


Among the possible pairs on constants that we could use are the following pairs. 
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eH, pee 
2 
oe, k=-1 
9 
c=-2 k=9 
pera hae 
6 4 
etc. 


As I’m sure you can see there are literally thousands of possible pairs and they can be made as 
“simple” or as “complicated” as you want them to be. 


So, we’ve managed to find a pair of non-zero constants that will make the equation true for all x 
and so the two functions are linearly dependent. 
[Return to Problems] 


(b) f(t) =20° (ee 


As with the last part, we’ll start by writing down (1) for these functions. 
2ct* + kt* =0 


In this case there isn’t any quick and simple formula to write one of the functions in terms of the 
other as we did in the first part. So, we’re just going to have to see if we can find constants. 
We’ll start by noticing that if the original equation is true, then if we differentiate everything we 
get a new equation that must also be true. In other words, we’ve got the following system of two 
equations in two unknowns. 


2ct? +kt* =0 
Act +4kt? =0 


We can solve this system for c and k and see what we get. We’ll start by solving the second 
equation for c. 


c=—kt’ 
Now, plug this into the first equation. 
2(-kt?) 1? +42* =0 
—kt* =0 


Recall that we are after constants that will make this true for all ¢. The only way that this will 
ever be zero for all tis ifk =0! So, if k =0 we must also have c = 0. 


Therefore, we’ ve shown that the only way that 
2ct’ + kt* =0 
will be true for all ¢ is to require that c = 0 and k= 0. The two functions therefore, are linearly 
independent. 
[Return to Problems| 
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As we saw in the previous examples determining whether two functions are linearly independent 
or linearly dependent can be a fairly involved process. This is where the Wronskian can help. 


Fact 


Given two functions f(x) and g(x) that are differentiable on some interval I. 
(1) If VW ( 7: g) (a) #0 for some xo in I, then f(x) and g(x) are linearly independent on 


the interval I. 


(2) If f(x) and g(x) are linearly dependent on I then W(fg)(x) = 0 for all x in the interval I. 


Be very careful with this fact. It DOES NOT say that if Wfg)(x) = 0 then f(x) and g(x) are 
linearly dependent! In fact it is possible for two linearly independent functions to have a zero 
Wronskian! 


This fact is used to quickly identify linearly independent functions and functions that are liable to 
be linearly dependent. 


Example 2 Verify the fact using the functions from the previous example. 
Solution 


(a) f(x) =9cos(2x) g(x) =2cos’ (x)—2sin’ (x) 


In this case if we compute the Wronskian of the two functions we should get zero since we have 
already determined that these functions are linearly dependent. 


a 9cos (2x) 2 cos” (x)—2sin* (x) 
—18sin(2x) -4cos(x)sin(x)—4sin(x)cos(x) 
9cos(2x) 2cos(2x) 


—18sin(2x) -2sin(2x)—2sin(2x) 

9cos(2x) 2cos(2x) 
—18sin(2x) —4 sin (2x) 
=-36cos(2x)sin(2x) —(-36 cos (2x) sin(2x)) =0 


So, we get zero as we should have. Notice the heavy use of trig formulas to simplify the work! 


(b) f(t) = 20° g(t)=0° 
Here we know that the two functions are linearly independent and so we should get a non-zero 
Wronskian. 

Oe i 
4tr 4¢ 


The Wronskian is non-zero as we expected provided ¢ #0. This is not a problem. As long as the 
Wronskian is not identically zero for all t we are okay. 


=8-4P =4¢° 
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Example 3 Determine if the following functions are linearly dependent or linearly independent. 


(a) f(t) =cost g(t)=sin¢ [Solution] 
(b) F(x) =6° g(x) =6**? [Solution] 
Solution 


(a) Now that we have the Wronskian to use here let’s first check that. If its non-zero then we will 
know that the two functions are linearly independent and if its zero then we can be pretty sure that 
they are linearly dependent. 


cost sint 4 = 
=cos ¢+sin°t=140 


—sint cost 


So, by the fact these two functions are linearly independent. Much easier this time around! 
[Return to Problems] 


(b) We’ ll do the same thing here as we did in the first part. Recall that 
(a‘) =a‘ Ina 

Now compute the Wronskian. 

6* 6**? 


ging 6 Ing OO 9-876 In6=0 
; : n 


Now, this does not say that the two functions are linearly dependent! However, we can guess that 
they probably are linearly dependent. To prove that they are in fact linearly dependent we’ ll need 
to write down (1) and see if we can find non-zero c and & that will make it true for all x. 


c6+k6™? =0 


c6°+k6'6 =0 
c6° +36k 6* =0 
(c + 36k) 6* =0 
So, it looks like we could use any constants that satisfy 
c+36k =0 
to make this zero for all x. In particular we could use 
c =36 k=-1 
c=—36 k=1 
1 
c=9 k=-— 
4 


We have non-zero constants that will make the equation true for all x. Therefore, the 
functions are linearly dependent. 
[Return to Problems| 
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Before proceeding to the next topic in this section let’s talk a little more about linearly 
independent and linearly dependent functions. Let’s start off by assuming that f(x) and g(x) are 
linearly dependent. So, that means there are non-zero constants c and k so that 

cf (x)+kg(x)=0 


is true for all x. 


Now, we can solve this in either of the following two ways. 


f(x)=-S g(x) OR g(x)=-E F(2) 


Note that this can be done because we know that c and k are non-zero and hence the divisions can 
be done without worrying about division by zero. 


So, this means that two linearly dependent functions can be written in such a way that one is 
nothing more than a constants time the other. Go back and look at both of the sets of linearly 
dependent functions that we wrote down and you will see that this is true for both of them. 


Two functions that are linearly independent can’t be written in this manner and so we can’t get 
from one to the other simply by multiplying by a constant. 


Next, we don’t want to leave you with the impression that linear independence and linear 
dependence is only for two functions. We can easily extend the idea to as many functions as 
we'd like. 


Let’s suppose that we have n non-zero functions, fi(x), fo(0),..., fn(«). Write down the following 
equation. 


oh (x)+oafy(x)+---+0,f, (x) =0 (2) 


If we can find constants c;, cz, ..., Cn with at least two non-zero so that (2) is true for all x then we 
call the functions linearly dependent. If, on the other hand, the only constants that make (2) true 
for x are c; = 0, c2=0, ..., Cn = 0 then we call the functions linearly independent. 


Note that unlike the two function case we can have some of the constants be zero and still have 
the functions be linearly dependent. 


In this case just what does it mean for the functions to be linearly dependent? Well, let’s suppose 
that they are. So, this means that we can find constants, with at least two non-zero so that (2) is 
true for all x. For the sake of argument let’s suppose that c; is one of the non-zero constants. 
This means that we can do the following. 


of, (x)+o,f, (x) +> +6,f, (x) =0 
& (x)=-(of (x)+--+e,f, (x)) 


f(e)=-T(ehls}+~ +64) 


In other words, if the functions are linearly dependent then we can write at least one of them in 
terms of the other functions. 
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Okay, let’s move on to the other topic of this section. There is an alternate method of computing 
the Wronskian. The following theorem gives this alternate method. 


Abel’s Theorem 


If y,(t) and y2(t) are two solutions to 
yt p(t)y'+q(t)y=0 
then the Wronskian of the two solutions is 
-[, Ple)as 


W (y5¥2)(t)=W (592) (to Je 


for some fo. 


Because we don’t know the Wronskian and we don’t know ¢) this won’t do us a lot of good 
apparently. However, we can rewrite this as 


—| p(t)dt 
W(91.92)(t)=c0! ) 
where the original Wronskian sitting in front of the exponential is absorbed into the c and the 
evaluation of the integral at fo will put a constant in the exponential that can also be brought out 
and absorbed into the constant c. If you don’t recall how to do this go back and take a look at the 
linear, first order differential equation section as we did something similar there. 


With this rewrite we can compute the Wronskian up to a multiplicative constant, which isn’t too 
bad. Notice as well that we don’t actually need the two solutions to do this. All we need is the 
coefficient of the first derivative from the differential equation (provided the coefficient of the 
second derivative is one of course...). 


Let’s take a look at a quick example of this. 


Example 4 Without solving, determine the Wronskian of two solutions to the following 
differential equation. 

fy or y 7 ps0 
Solution 


The first thing that we need to do is divide the differential equation by the coefficient of the 
second derivative as that needs to be a one. This gives us 


2 
ee ea a 


Now, using (3) the Wronskian is 


2 ii 2 


W = ce! =ce’™ =ce™ =ct 
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Nonhomogeneous Differential Equations 


It’s now time to start thinking about how to solve nonhomogeneous differential equations. A 
second order, linear nonhomogeneous differential equation is 

y"+ p(t)y't+a(t)y=a(t) (1) 
where g(t) is a non-zero function. Note that we didn’t go with constant coefficients here because 
everything that we’re going to do in this section doesn’t require it. Also, we’re using a 
coefficient of 1 on the second derivative just to make some of the work a little easier to write 
down. It is not required to be a 1. 


Before talking about how to solve one of these we need to get some basics out of the way, which 
is the point of this section. 


First, we will call 
y+ p(t)y'+q(t)y=0 (2) 
the associated homogeneous differential equation to (1). 


Now, let’s take a look at the following theorem. 


Theorem 


Suppose that Y7(t) and Y2(t) are two solutions to (1) and that y(t) and y2(t) are a fundamental set 
of solutions to the associated homogeneous differential equation (2) then, 


¥,(t)-¥ (2) 


is a solution to (2) and it can be written as 
¥(t)-¥(t)=ay (t)+ey2(¢) 


Note the notation used here. Capital letters referred to solutions to (1) while lower case letters 
referred to solutions to (2). This is a fairly common convention when dealing with 
nonhomogeneous differential equations. 


This theorem is easy enough to prove so let’s do that. To prove that Y7(t) - Y2(t) is a solution to 
(2) all we need to do is plug this into the differential equation and check it. 


(%-K) +P()\(%-%) +4()(%-%)=0 

"+ a) ¥! +4(0)X-(Y + p(o)hy +4(0)¥)=0 
g(t)—g(t)=0 

0=0 


We used the fact that Y;(t) and Y2(t) are two solutions to (1) in the third step. Because they are 
solutions to (1) we know that 
() 


Yi" +p(t)Y +q(t)Y=g 
g 


So, we were able to prove that the difference of the two solutions is a solution to (2). 
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Proving that 

¥(t)—%(t)= ey, (1) +eoy2(¢) 
is even easier. Since y,(t) and y2(t) are a fundamental set of solutions to (2) we know that they 
form a general solution and so any solution to (2) can be written in the form 


y(t)=ay,(t)+ ay, (1) 


Well, Y(t) - Y2(t) is a solution to (2), as we’ve shown above, therefore it can be written as 
¥(t)-¥, (4) =Cy, (t)+cy, (1) 


So, what does this theorem do for us? We can use this theorem to write down the form of the 
general solution to (1). Let’s suppose that y(t) is the general solution to (1) and that Yp(t) is any 
solution to (1) that we can get our hands on. Then using the second part of our theorem we know 
that 


y(t) ae (t) =C), (t)+ay, (t) 
where y(t) and y2(t) are a fundamental set of solutions for (2). Solving for y(t) gives, 
y(th=aqy,(t)+e,y,(t)+¥, (0) 


We will call 


ve (t) Hay, (t) +O,y, (t) 
the complementary solution and Yp(t) a particular solution. The general solution to a differential 
equation can then be written as. 


y(t)=y.(¢)+¥>(¢) 


So, to solve a nonhomogeneous differential equation, we will need to solve the homogeneous 
differential equation, (2), which for constant coefficient differential equations is pretty easy to do, 
and we’ll need a solution to (1). 


This seems to be a circular argument. In order to write down a solution to (1) we need a solution. 
However, this isn’t the problem that it seems to be. There are ways to find a solution to (1). 
They just won’t, in general, be the general solution. In fact, the next two sections are devoted to 
exactly that, finding a particular solution to a nonhomogeneous differential equation. 


There are two common methods for finding particular solutions : Undetermined Coefficients and 


Variation of Parameters. Both have their advantages and disadvantages as you will see in the 
next couple of sections. 
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Undetermined Coefficients 


In this section we will take a look at the first method that can be used to find a particular solution 
to a nonhomogeneous differential equation. 


y"+ p(t)y'+a(t)y=s(t) 


One of the main advantages of this method is that it reduces the problem down to an algebra 
problem. The algebra can get messy on occasion, but for most of the problems it will not be 
terribly difficult. Another nice thing about this method is that the complementary solution will 
not be explicitly required, although as we will see knowledge of the complementary solution will 
be needed in some cases and so we’ll generally find that as well. 


There are two disadvantages to this method. First, it will only work for a fairly small class of 
g(t)’s. The class of g(t)’s for which the method works, does include some of the more common 
functions, however, there are many functions out there for which undetermined coefficients 
simply won’t work. Second, it is generally only useful for constant coefficient differential 
equations. 


The method is quite simple. All that we need to do is look at g(t) and make a guess as to the form 
of Yp(t) leaving the coefficient(s) undetermined (and hence the name of the method). Plug the 
guess into the differential equation and see if we can determine values of the coefficients. If we 
can determine values for the coefficients then we guessed correctly, if we can’t find values for the 
coefficients then we guessed incorrectly. 


It’s usually easier to see this method in action rather than to try and describe it, so let’s jump into 
some examples. 


Example 1 Determine a particular solution to 
y"-4y'-12y =3e” 


Solution 

The point here is to find a particular solution, however the first thing that we’re going to do is 
find the complementary solution to this differential equation. Recall that the complementary 
solution comes from solving, 


y’-4y'-12y =0 


The characteristic equation for this differential equation and its roots are. 
r’ —4r-12=(r-6)(r+2)=0 > 7=-2, ,=6 


The complementary solution is then, 
y,(t)=ce" +c,e% 


At this point the reason for doing this first will not be apparent, however we want you in the habit 
of finding it before we start the work to find a particular solution. Eventually, as we’ll see, 
having the complementary solution in hand will be helpful and so it’s best to be in the habit of 
finding it first prior to doing the work for undetermined coefficients. 


Now, let’s proceed with finding a particular solution. As mentioned prior to the start of this 
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example we need to make a guess as to the form of a particular solution to this differential 
equation. Since g(t) is an exponential and we know that exponentials never just appear or 
disappear in the differentiation process it seems that a likely form of the particular solution would 
be 


Y, (1) = Ae" 


Now, all that we need to do is do a couple of derivatives, plug this into the differential equation 
and see if we can determine what A needs to be. 


Plugging into the differential equation gives 
25 Ae" —4(5Ae™ )—-12( de") = 3e" 
~7 Ae” =3e" 
So, in order for our guess to be a solution we will need to choose A so that the coefficients of the 


exponentials on either side of the equal sign are the same. In other words we need to choose A so 
that, 


-7A=3 > fa22 
a 


Okay, we found a value for the coefficient. This means that we guessed correctly. A particular 
solution to the differential equation is then, 


Before proceeding any further let’s again note that we started off the solution above by finding 
the complementary solution. This is not technically part the method of Undetermined 
Coefficients however, as we’ll eventually see, having this in hand before we make our guess for 
the particular solution can save us a lot of work and/or headache. Finding the complementary 
solution first is simply a good habit to have so we’ll try to get you in the habit over the course of 
the next few examples. At this point do not worry about why it is a good habit. We’ll eventually 
see why it is a good habit. 

Now, back to the work at hand. Notice in the last example that we kept saying “a” particular 
solution, not “the” particular solution. This is because there are other possibilities out there for 
the particular solution we’ve just managed to find one of them. Any of them will work when it 
comes to writing down the general solution to the differential equation. 


Speaking of which... This section is devoted to finding particular solutions and most of the 
examples will be finding only the particular solution. However, we should do at least one full 
blown IVP to make sure that we can say that we’ ve done one. 


Example 2 Solve the following IVP 
y"-4y'-12y =3e" 7 y'(0)=- 


Solution 
We know that the general solution will be of the form, 


y(t)=y.(t)+¥o(¢) 
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and we already have both the complementary and particular solution from the first example so we 
don’t really need to do any extra work for this problem. 


One of the more common mistakes in these problems is to find the complementary solution and 
then, because we’re probably in the habit of doing it, apply the initial conditions to the 
complementary solution to find the constants. This however, is incorrect. The complementary 
solution is only the solution to the homogeneous differential equation and we are after a solution 
to the nonhomogeneous differential equation and the initial conditions must satisfy that solution 
instead of the complementary solution. 


So, we need the general solution to the nonhomogeneous differential equation. Taking the 
complementary solution and the particular solution that we found in the previous example we get 
the following for a general solution and its derivative. 
E 3 
y(t)=ce" +c,e" ae 


1 
y'(t) =-2ce™ + 6c,e" — Se" 


Now, apply the initial conditions to these. 


18 


— (0)=c, +e, 
-==»'(0) =-2c, + 6c, -— 


Solving this system gives c; = 2 and c?= 1. The actual solution is then. 


St 


y(t)=2e* +e" ~se 


This will be the only IVP in this section so don’t forget how these are done for nonhomogeneous 
differential equations! 


Let’s take a look at another example that will give the second type of g(t) for which undetermined 
coefficients will work. 


Example 3 Find a particular solution for the following differential equation. 

y"—4y'—-12y =sin (2¢) 
Solution 
Again, let’s note that we should probably find the complementary solution before we 
proceed onto the guess for a particular solution. However, because the homogeneous 
differential equation for this example is the same as that for the first example we won’t 
bother with that here. 


Now, let’s take our experience from the first example and apply that here. The first 
example had an exponential function in the g(t) and our guess was an exponential. This 
differential equation has a sine so let’s try the following guess for the particular solution. 


Y, (t) = Asin (2r) 
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Differentiating and plugging into the differential equation gives, 


—4Asin(2t)—4(24 cos(2r))-12( Asin(2r)) = sin(2r) 


Collecting like terms yields 
—16Asin(2t)-8Acos(2r) = sin (2r) 


We need to pick A so that we get the same function on both sides of the equal sign. This means 
that the coefficients of the sines and cosines must be equal. Or, 


cos (2r): —84=0 => A=0 


sin (2r): -16A=1 => yee 


Notice two things. First, since there is no cosine on the right hand side this means that the 
coefficient must be zero on that side. More importantly we have a serious problem here. In order 
for the cosine to drop out, as it must in order for the guess to satisfy the differential equation, we 
need to set A = 0, but if A = 0, the sine will also drop out and that can’t happen. Likewise, 
choosing A to keep the sine around will also keep the cosine around. 


What this means is that our initial guess was wrong. If we get multiple values of the same 
constant or are unable to find the value of a constant then we have guessed wrong. 


One of the nicer aspects of this method is that when we guess wrong our work will often suggest 
a fix. In this case the problem was the cosine that cropped up. So, to counter this let’s add a 
cosine to our guess. Our new guess is 


Y, (t) = Acos(2r)+ Bsin(2r) 
Plugging this into the differential equation and collecting like terms gives, 
4A cos(2t)—4B sin(2r)-4(-2.4sin(2r)+2Bcos(2r))— 
12(4 cos (2t) + Bsin(2r)) = sin (2r) 
(-44 —8B ~12A)cos(2r) +(-4B +8A —12B) sin (2r) = sin (21) 
(-16A—8B)cos(2t)+(84—16B)sin (2) = sin (2r) 


Now, set the coefficients equal 


cos (2r): -16A-8B=0 
sin (2r): 8A-16B=1 
Solving this system gives us 
1 1 
= iG B= “55 


We found constants and this time we guessed correctly. A particular solution to the differential 
equation is then, 


¥,(t)= =008 (24) = sin(2r) 
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Notice that if we had had a cosine instead of a sine in the last example then our guess would have 
been the same. In fact, if both a sine and a cosine had shown up we will see that the same guess 
will also work. 


Let’s take a look at the third and final type of basic g(t) that we can have. There are other types 
of g(t) that we can have, but as we will see they will all come back to two types that we’ve 
already done as well as the next one. 


Example 4 Find a particular solution for the following differential equation. 

y"—4y'-12y = 2 -t+3 
Solution 
Once, again we will generally want the complementary solution in hand first, but again we’re 
working with the same homogeneous differential equation (you’ll eventually see why we keep 
working with the same homogeneous problem) so we’ Il again just refer to the first example. 


For this example g(t) is a cubic polynomial. For this we will need the following guess for the 
particular solution. 


Y,(t) = At? + Bt? +Ct+D 


Notice that even though g(¢) doesn’t have a f in it our guess will still need one! So, differentiate 
and plug into the differential equation. 


6At+2B-4(340° +2Bt+C)-12( Ae 4+Br +Ct+D) =97 —143 
-12 At +(-124-12B)?? +(6A-8B-12C)t +2B-4C -12D = 28 -1+3 


Now, as we’ve done in the previous examples we will need the coefficients of the terms on both 
sides of the equal sign to be the same so set coefficients equal and solve. 


p: Ey es ee ee 
6 
2: -12A-12B =0 ae Ba2 
f: 6A-8B-12C=-1 = C=-2 
0 5 
: 2B-4C-12D=3 a | ee 
7 


Notice that in this case it was very easy to solve for the constants. The first equation gave A. 
Then once we knew A the second equation gave B, etc. A particular solution for this differential 
equation is then 


Now that we’ve gone over the three basic kinds of functions that we can use undetermined 
coefficients on let’s summarize. 
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(t Yp(t) guess 
ae” Ae” 
acos( fr) Acos( Zt) + Bsin( fr) 
bsin( fr) Acos( ft) + Bsin( fr) 
acos(ft)+bsin( ft) | Acos(ft)+ Bsin( ft) 
n" degree polynomial | 4,t"+A, jt”) +--+ At+ A, 


Notice that there are really only three kinds of functions given above. If you think about it the 
single cosine and single sine functions are really special cases of the case where both the sine and 
cosine are present. Also, we have not yet justified the guess for the case where both a sine and a 
cosine show up. We will justify this later. 


We now need move on to some more complicated functions. The more complicated functions 
arise by taking products and sums of the basic kinds of functions. Let’s first look at products. 


Example 5 Find a particular solution for the following differential equation. 

y"—4y'-12y =te” 
Solution 
You're probably getting tired of the opening comment, but again finding the complementary 
solution first really a good idea but again we’ve already done the work in the first example so we 
won’t do it again here. We promise that eventually you’ll see why we keep using the same 
homogeneous problem and why we say it’s a good idea to have the complementary solution in 
hand first. At this point all we’re trying to do is reinforce the habit of finding the complementary 
solution first. 


Okay, let’s start off by writing down the guesses for the individual pieces of the function. The 
guess for the t would be 
At+B 


while the guess for the exponential would be 


Ce" 


Now, since we’ve got a product of two functions it seems like taking a product of the guesses for 
the individual pieces might work. Doing this would give 


Ce* (At +B) 


However, we will have problems with this. As we will see, when we plug our guess into the 
differential equation we will only get two equations out of this. The problem is that with this 
guess we’ve got three unknown constants. With only two equations we won’t be able to solve for 
all the constants. 


This is easy to fix however. Let’s notice that we could do the following 


Ce* (At +B) =e" (ACt+BC) 
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If we multiply the C through, we can see that the guess can be written in such a way that there are 
really only two constants. So, we will use the following for our guess. 


Y, (t) =e" (At+B) 


Notice that this is nothing more than the guess for the ¢ with an exponential tacked on for good 
measure. 


Now that we’ve got our guess, let’s differentiate, plug into the differential equation and collect 
like terms. 


e“ (164t+16B +84) —4(e“ (44¢+4B + A))-12(e" (At +B)) = te" 
(164-164-12A)te* +(16B +84 -16B-—44-12B)e™ =e" 
—12Ate* +(4A4-12B)e* = te™ 

Note that when we’re collecting like terms we want the coefficient of each term to have only 


constants in it. Following this rule we will get two terms when we collect like terms. Now, set 
coefficients equal. 


te": (ore4 ee eee 
12 
e“:  44-12B=0 2s Hens 
36 


A particular solution for this differential equation is then 


oe 
Y — ptt = 3 1 4t 
a 12 56] ae 


This last example illustrated the general rule that we will follow when products involve an 
exponential. When a product involves an exponential we will first strip out the exponential and 
write down the guess for the portion of the function without the exponential, then we will go back 
and tack on the exponential without any leading coefficient. 


Let’s take a look at some more products. In the interest of brevity we will just write down the 
guess for a particular solution and not go through all the details of finding the constants. Also, 
because we aren’t going to give an actual differential equation we can’t deal with finding the 
complementary solution first. 


Example 6 Write down the form of the particular solution to 
y"+ plt)y'+a(t)y=a(?) 
for the following g(t)’s. 
(a) g(t)=16e"sin(10r) [Solution] 
(b) g(t)= (90 es 1037) cost [Solution] 


(c) g(t) =-e' (3—5t)cos(9t) [Solution] 
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Solution 

(a) g (t) = 16e” sin (107) 

So, we have an exponential in the function. Remember the rule. We will ignore the exponential 
and write down a guess for 16 sin(10¢) then put the exponential back in. 


The guess for the sine is 
Acos(10¢)+ Bsin(10r) 


Now, for the actual guess for the particular solution we’ll take the above guess and tack an 
exponential onto it. This gives, 


Y, (t) =e” (Acos(10r) + Bsin(102)) 
One final note before we move onto the next part. The 16 in front of the function has absolutely 


no bearing on our guess. Any constants multiplying the whole function are ignored. 
[Return to Problems] 


(b) g(t) =(90° —103z)cost 
We will start this one the same way that we initially started the previous example. The guess for 
the polynomial is 
At’ +Bt+C 
and the guess for the cosine is 
Decost+Esint 


If we multiply the two guesses we get. 
(4? +Bt+ C\(D cost + Esint) 


Let’s simplify things up a little. First multiply the polynomial through as follows. 
(A? + Bt +C)(Deost)+(AP + Bt +C)(Esint) 


(AD? +BDt+ CD)cost + (AE? +BEt+ CE)sint 


Notice that everywhere one of the unknown constants occurs it is in a product of unknown 
constants. This means that if we went through and used this as our guess the system of equations 
that we would need to solve for the unknown constants would have products of the unknowns in 
them. These types of systems are generally very difficult to solve. 


So, to avoid this we will do the same thing that we did in the previous example. Everywhere we 
see a product of constants we will rename it and call it a single constant. The guess that we’ll use 
for this function will be. 


Y, (¢) =(AP + Bt+C)cost+(Dt? + Et+ F)sint 


This is a general rule that we will use when faced with a product of a polynomial and a trig 
function. We write down the guess for the polynomial and then multiply that by a cosine. We 
then write down the guess for the polynomial again, using different coefficients, and multiply this 
by a sine. 
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[Return to Problems] 


(c) g(t)=-e “ (3—5t)cos(9z) 


This final part has all three parts to it. First we will ignore the exponential and write down a 
guess for. 


—(3—5t) cos (9) 


The minus sign can also be ignored. The guess for this is 


(At + B)cos(9t)+(Ct+D)sin(9r) 


Now, tack an exponential back on and we’re done. 
Y,(t) =e“ (At+B)cos(9t)+e~“ (Cr+ D)sin (9) 


Notice that we put the exponential on both terms. 
[Return to Problems| 


There a couple of general rules that you need to remember for products. 


1. If g(t) contains an exponential, ignore it and write down the guess for the remainder. 
Then tack the exponential back on without any leading coefficient. 


2. For products of polynomials and trig functions you first write down the guess for just the 
polynomial and multiply that by the appropriate cosine. Then add on a new guess for the 
polynomial with different coefficients and multiply that by the appropriate sine. 


If you can remember these two rules you can’t go wrong with products. Writing down the 
guesses for products is usually not that difficult. The difficulty arises when you need to actually 


find the constants. 


Now, let’s take a look at sums of the basic components and/or products of the basic components. 
To do this we’ll need the following fact. 


Fact 


If Yp:(t) is a particular solution for 
y"+ p(t)y'+a(t)y=a2,(t) 


and if Yp2(t) is a particular solution for 
y'+ p(t)y'+4(t)y=38,(t) 


then Yp;(t)+ Yp2(t) is a particular solution for 
y"+ p(t)y'+a(t)y=s,(1)+8,(¢) 


This fact can be used to both find particular solutions to differential equations that have sums in 
them and to write down guess for functions that have sums in them. 
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Example 7 Find a particular solution for the following differential equation. 
y"—4y'-12y =3e” + sin(2t) +1" 
Solution 
This example is the reason that we’ve been using the same homogeneous differential equation for 
all the previous examples. There is nothing to do with this problem. All that we need to do it go 


back to the appropriate examples above and get the particular solution from that example and add 
them all together. 


Doing this gives 


¥,(t)=-e" + J ¢0s(2t) sin (21) (3+ 1)e" 


Let’s take a look at a couple of other examples. As with the products we’ll just get guesses here 
and not worry about actually finding the coefficients. 


Example 8 Write down the form of the particular solution to 
y"+ p(t)y'+a(t)y=a(t) 

for the following g(t)’s. 

(a) g(t) =4cos(6t)—9sin(6t) [Solution] 

(b) g(t) =—2sint+sin(14t)—Scos(14t) [Solution] 
=e" +6 [Solution] 
= 6° —7sin(3t)+9 [Solution] 
=10e' —Ste“ +2e [Solution] 
=?’ cost—Stsint [Solution] 


(g) g(t) =Se” +e” cos(6t)—sin(6t) [Solution] 


Solution 


(a) g(t)=4cos(6t)—9sin(6r) 


This first one we’ve actually already told you how to do. This is in the table of the basic 
functions. However we wanted to justify the guess that we put down there. Using the fact on 
sums of function we would be tempted to write down a guess for the cosine and a guess for the 
sine. This would give. 

Acos(6t)+ Bsin(6t)+Ccos(6t)+Dsin(6r) 


guess for the cosine guess for the sine 


So, we would get a cosine from each guess and a sine from each guess. The problem with this as 
a guess is that we are only going to get two equations to solve after plugging into the differential 
equation and yet we have 4 unknowns. We will never be able to solve for each of the constants. 


To fix this notice that we can combine some terms as follows. 


(A+C)cos(6t)+(B+D)sin(6r) 
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Upon doing this we can see that we’ve really got a single cosine with a coefficient and a single 
sine with a coefficient and so we may as well just use 


Y, (t) = Acos(6t)+ Bsin(6r) 


The general rule of thumb for writing down guesses for functions that involve sums is to always 
combine like terms into single terms with single coefficients. This will greatly simplify the work 
required to find the coefficients. 

[Return to Problems] 


(b) g(t) =—2sint +sin(14t) —5cos(14r) 


For this one we will get two sets of sines and cosines. This will arise because we have two 
different arguments in them. We will get one set for the sine with just a ¢ as its argument and 
we’ ll get another set for the sine and cosine with the 14¢ as their arguments. 


The guess for this function is 
Y, (t) = Acost + Bsint + C cos(14t)+ Dsin (141) 


[Return to Problems] 


(c) g(t) =e"+6 

The main point of this problem is dealing with the constant. But that isn’t too bad. We just 
wanted to make sure that an example of that is somewhere in the notes. If you recall that a 
constant is nothing more than a zeroth degree polynomial the guess becomes clear. 


The guess for this function is 
Y, (t)= de" +B 


Pp 
[Return to Problems] 


(d) g(t) =6t? —7sin(3t)+9 

This one can be a little tricky if you aren’t paying attention. Let’s first rewrite the function 
g(t) =6t° —7sin(3t)+9 as 
g(t) =6t? +9—7sin(3¢) 


All we did was move the 9. However upon doing that we see that the function is really a sum of a 
quadratic polynomial and a sine. The guess for this is then 


Y, (t) = At’? + Bt+C + Dcos(3t)+ Esin (37) 


If we don’t do this and treat the function as the sum of three terms we would get 
At’ + Bt+C+ Dcos(3t)+ Esin(3t)+G 


and as with the first part in this example we would end up with two terms that are essentially the 
same (the C and the G) and so would need to be combined. An added step that isn’t really 
necessary if we first rewrite the function. 


Look for problems where rearranging the function can simplify the initial guess. 
[Return to Problems| 
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(e) g(t) =10e' — Ste“ + 2e * 


So, this look like we’ve got a sum of three terms here. Let’s write down a guess for that. 
Ae’ +(Bt+C)e™ + De™ 


Notice however that if we were to multiply the exponential in the second term through we would 
end up with two terms that are essentially the same and would need to be combined. This is a 
case where the guess for one term is completely contained in the guess for a different term. 
When this happens we just drop the guess that’s already included in the other term. 


So, the guess here is actually. 
Y, (t) = Ae’ +(Btt+C)e™ 


Notice that this arose because we had two terms in our g(t) whose only difference was the 
polynomial that sat in front of them. When this happens we look at the term that contains the 
largest degree polynomial, write down the guess for that and don’t bother writing down the guess 
for the other term as that guess will be completely contained in the first guess. 

[Return to Problems] 


(f) g(t)=¢° cost—Stsint 


In this case we’ve got two terms whose guess without the polynomials in front of them would be 
the same. Therefore, we will take the one with the largest degree polynomial in front of it and 
write down the guess for that one and ignore the other term. So, the guess for the function is 


40) =(4P + Bt+C)cost +(Dr? + Et+F)sint 


[Return to Problems] 


(g) g(t) =5e” +e cos(6r)—sin(6r) 


This last part is designed to make sure you understand the general rule that we used in the last 
two parts. This time there really are three terms and we will need a guess for each term. The 
guess here is 


Y, (t) = Ae“ +e“ (Bcos(6t) +Csin(6r)) + Dcos(6r) + Esin (6r) 


We can only combine guesses if they are identical up to the constant. So we can’t combine the 
first exponential with the second because the second is really multiplied by a cosine and a sine 
and so the two exponentials are in fact different functions. Likewise, the last sine and cosine 
can’t be combined with those in the middle term because the sine and cosine in the middle term 
are in fact multiplied by an exponential and so are different. 

[Return to Problems] 


So, when dealing with sums of functions make sure that you look for identical guesses that may 
or may not be contained in other guesses and combine them. This will simplify your work later 
on. 
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We have one last topic in this section that needs to be dealt with. In the first few examples we 
were constantly harping on the usefulness of having the complementary solution in hand before 
making the guess for a particular solution. We never gave any reason for this other that “trust 
us”. It is now time to see why having the complementary solution in hand first is useful. This is 
best shown with an example so let’s jump into one. 


Example 9 Find a particular solution for the following differential equation. 

ae = 4y' a, 12y = e 
Solution 
This problem seems almost too simple to be given this late in the section. This is especially true 
given the ease of finding a particular solution for g(t)’s that are just exponential functions. Also, 
because the point of this example is to illustrate why it is generally a good idea to have the 
complementary solution in hand first we’ll let’s go ahead and recall the complementary solution 
first. Here it is, 


y, (t) =ce"+c,e" 


Now, without worrying about the complementary solution for a couple more seconds let’s go 
ahead and get to work on the particular solution. There is not much to the guess here. From our 
previous work we know that the guess for the particular solution should be, 


Y, (t) = Ae” 


Plugging this into the differential equation gives, 

36Ae” — 24 Ae™ —12 Ae” =e" 

0=e" 
Hmmmm.... Something seems wrong here. Clearly an exponential can’t be zero. So, what went 
wrong? We finally need the complementary solution. Notice that the second term in the 
complementary solution (listed above) is exactly our guess for the form of the particular solution 
and now recall that both portions of the complementary solution are solutions to the 
homogeneous differential equation, 
y’-4y'-12y =0 


In other words, we had better have gotten zero by plugging our guess into the differential 
equation, it is a solution to the homogeneous differential equation! 


So, how do we fix this? The way that we fix this is to add a ¢ to our guess as follows. 
Y,(t) = Ate” 


Plugging this into our differential equation gives, 
(12 Ae” +36 Ate” )—4( de” +6 Ate )—12 Ate =e" 
(364 —24A- 124) te™ + (12A — 4A) e =e" 
8 Ae” =e" 
Now, we can set coefficients equal. 


8A=1 =, ae 
8 
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So, the particular solution in this case is, 


So, what did we learn from this last example. While technically we don’t need the 
complementary solution to do undetermined coefficients, you can go through a lot of work only 
to figure out at the end that you needed to add in a ¢ to the guess because it appeared in the 
complementary solution. This work is avoidable if we first find the complementary solution and 
comparing our guess to the complementary solution and seeing if any portion of your guess 
shows up in the complementary solution. 


If a portion of your guess does show up in the complementary solution then we’ ll need to modify 
that portion of the guess by adding in a ¢ to the portion of the guess that is causing the problems. 
We do need to be a little careful and make sure that we add the ¢ in the correct place however. 
The following set of examples will show you how to do this. 


Example 10 Write down the guess for the particular solution to the given differential equation. 
Do not find the coefficients. 


(a) y"+3y'—-28y=7t+e"—1 [Solution] 
(b) y"-100y =9t’e'™ +cost—fsint [Solution] 


(c) 4y"+ y= e~' sin G + 6tcos (<| [Solution] 


(d) 4y"+16y'+17y =e“ sin (<| + 6t cos [=| [Solution] 


41 


(e) y"+8y'+16y =e +(t?+5)e“ [Solution] 


Solution 
In these solutions we’ll leave the details of checking the complementary solution to you. 


(a) y"+3y'-28y=7t+e”-1 


The complementary solution is 
t 


y, (t) =ce"+c,e7 


Remembering to put the “-1” with the 7¢ gives a first guess for the particular solution. 
Y,(t)=At+B+Ce™ 


Notice that the last term in the guess is the last term in the complementary solution. The first two 
terms however aren’t a problem and don’t appear in the complementary solution. Therefore, we 
will only add a ¢ onto the last term. 


The correct guess for the form of the particular solution is. 
Y,(¢)=At+B+Cte™ 


[Return to Problems] 
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(b) y"—100y = 927e'" + cost—tsint 


The complementary solution is 


¥. (t) =ce"+ce'" 


A first guess for the particular solution is 
Y,(t)=(At? + Bt+C)e +(Et+F)cost+(Gt+H)sint 


Notice that if we multiplied the exponential term through the parenthesis that we would end up 
getting part of the complementary solution showing up. Since the problem part arises from the 
first term the whole first term will get multiplied by ¢. The second and third terms are okay as 
they are. 


The correct guess for the form of the particular solution in this case is. 
Y,(t)=t( At? + Br+C)e" +(Et+F)cost +(Gt+H)sint 


So, in general, if you were to multiply out a guess and if any term in the result shows up in the 
complementary solution, then the whole term will get a ¢ not just the problem portion of the term. 
[Return to Problems] 


t t 
c) 4y"+ p=e™ sin} — |+6tcos| — 
(c)4y +y G G 


y,(t)=«, cos £) +c, sin G 
2 2 


A first guess for the particular solution is 


Y,(t)=e" [4 cos ©) sin{)] (Cr+ D)eos{ £) +(Br+F)sin( 5) 


In this case both the second and third terms contain portions of the complementary solution. The 
first term doesn’t however, since upon multiplying out, both the sine and the cosine would have 
an exponential with them and that isn’t part of the complementary solution. We only need to 
worry about terms showing up in the complementary solution if the only difference between the 
complementary solution term and the particular guess term is the constant in front of them. 


The complementary solution is 


So, in this case the second and third terms will get a ¢ while the first won’t 
The correct guess for the form of the particular solution is. 


Y,(t)=e" [4 cos © Bsin{ 5] 44(Cr+ D)oos{ 5) v(t F)sin| 5) 


[Return to Problems] 
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(d) 4y"+16y'+17y =e" sin{ ©] 6rc05{ 5) 


To get this problem we changed the differential equation from the last example and left the g(t) 
alone. The complementary solution this time is 


= f Pare 
y.(t)=ce” cos( 5} re : sin{ 


As with the last part, a first guess for the particular solution is 


YAS" [4 cos ©) asin{)] (Cr+ D)eos{ 5) +(r+F)sin( 5) 


This time however it is the first term that causes problems and not the second or third. In fact, the 
first term is exactly the complementary solution and so it will need a ¢. Recall that we will only 
have a problem with a term in our guess if it only differs from the complementary solution by a 
constant. The second and third terms in our guess don’t have the exponential in them and so they 
don’t differ from the complementary solution by only a constant. 


The correct guess for the form of the particular solution is. 


Y,(¢) =te™ [4 cos( +) + Bsn ©] (Cr+ D)oos{ £)--(s1+F)sin(£) 


[Return to Problems] 


(e) y"+8y' +l6y =e" 4(0? +5)e" 


The complementary solution is 
y,(t)=ce" +c,te™ 
The two terms in g(t) are identical with the exception of a polynomial in front of them. So this 


means that we only need to look at the term with the highest degree polynomial in front of it. A 
first guess for the particular solution is 


Y, (t)=(At? + Br+C)e™ 


Notice that if we multiplied the exponential term through the parenthesis the last two terms would 
be the complementary solution. Therefore, we will need to multiply this whole thing by a ¢. 


The next guess for the particular solution is then. 


Y, (t)=t( At? + Br+C)e* 


This still causes problems however. If we multiplied the ¢ and the exponential through, the last 
term will still be in the complementary solution. In this case, unlike the previous ones, a ¢ wasn’t 
sufficient to fix the problem. So, we will add in another ¢ to our guess. 


The correct guess for the form of the particular solution is. 
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Y,(t)=0° (At? + Bt+C)e* 


Upon multiplying this out none of the terms are in the complementary solution and so it will be 
okay. 
[Return to Problems| 


As this last set of examples has shown, we really should have the complementary solution in hand 
before even writing down the first guess for the particular solution. By doing this we can 
compare our guess to the complementary solution and if any of the terms from your particular 
solution show up we will know that we’ll have problems. Once the problem is identified we can 
add a ¢ to the problem term(s) and compare our new guess to the complementary solution. If 
there are no problems we can proceed with the problem, if there are problems add in another ¢ and 
compare again. 


Can you see a general rule as to when a ¢ will be needed and when a f will be needed for second 
order differential equations? 
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Variation of Parameters 


In the last section we looked at the method of undetermined coefficients for finding a particular 
solution to 


P(t)y"+a(t)y'tr(t)y=a(¢) (1) 
and we saw that while it reduced things down to just an algebra problem, the algebra could 


become quite messy. On top of that undetermined coefficients will only work for a fairly small 
class of functions. 


The method of Variation of Parameters is a much more general method that can be used in many 
more cases. However, there are two disadvantages to the method. First, the complementary 
solution is absolutely required to do the problem. This is in contrast to the method of 
undetermined coefficients where it was advisable to have the complementary solution on hand, 
but was not required. Second, as we will see, in order to complete the method we will be doing a 
couple of integrals and there is no guarantee that we will be able to do the integrals. So, while it 
will always be possible to write down a formula to get the particular solution, we may not be able 
to actually find it if the integrals are too difficult or if we are unable to find the complementary 
solution. 


We’re going to derive the formula for variation of parameters. We’ll start off by acknowledging 
that the complementary solution to (1) is 


y.(t)=oy, (t)+e9, (t) 


Remember as well that this is the general solution to the homogeneous differential equation. 
D(t)y"+a(t)y'+r(t)y=0 (2) 


Also recall that in order to write down the complementary solution we know that y(t) and y2(t) 
are a fundamental set of solutions. 


What we’re going to do is see if we can find a pair of functions, u(t) and u2(t) so that 


Yp(t)=w,(¢)(t)+u2(¢)y2(¢) 
will be a solution to (1). We have two unknowns here and so we’ll need two equations 
eventually. One equation is easy. Our proposed solution must satisfy the differential equation, so 
we’ ll get the first equation by plugging our proposed solution into (1). The second equation can 
come from a variety of places. We are going to get our second equation simply by making an 
assumption that will make our work easier. We’ll say more about this shortly. 


So, let’s start. If we’re going to plug our proposed solution into the differential equation we’re 
going to need some derivatives so let’s get those. The first derivative is 


, Uy Uy Uy Uy 
Yp (t) SUV, TUY, FU. FUyV, 
Here’s the assumption. Simply to make the first derivative easier to deal with we are going to 


assume that whatever u(t) and u2(t) are they will satisfy the following. 
uy tus, =0 (3) 
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Now, there is no reason ahead of time to believe that this can be done. However, we will see that 
this will work out. We simply make this assumption on the hope that it won’t cause problems 
down the road and to make the first derivative easier so don’t get excited about it. 
With this assumption the first derivative becomes. 
, Uy Uy 
Y, (1) =U, +UrV, 


The second derivative is then, 
y” _ | ee " f ! " 
P (t) HUY, FUY, FU), +UzV, 


Plug the solution and its derivatives into (1). 
P(t)(uy tuyi + wyys +uyy5) + q(t) (uy + Ua )+1(t) (uy +4 ay) = 8 (t) 


Rearranging a little gives the following. 
P(t) (uy +uhy3)+u, (t)(p(t)yi+ a(t) yi +r(t)y,)+ 
u,(1)(P()yi+a(t)y +r(t)y2)=8(2) 


Now, both y;(¢) and y2(t) are solutions to (2) and so the second and third terms are zero. 
Acknowledging this and rearranging a little gives us, 


P(t)(uiyi +uays) +m (2)(0) +m, (2)(0) = (2) 


pia eae 4 
V1 TU Vy p(t) (4) 


We’ve almost got the two equations that we need. Before proceeding we’re going to go back and 
make a further assumption. The last equation, (4), is actually the one that we want, however, in 
order to make things simpler for us we are going to assume that the function p(t) = 1. 


In other words, we are going to go back and start working with the differential equation, 
y'tq(i)y'+r()y= s(t) 


If the coefficient of the second derivative isn’t one divide it out so that it becomes a one. The 
formula that we’re going to be getting will assume this! Upon doing this the two equations that 
we want so solve for the unknown functions are 


uy, +U,y, =0 (5) 
uy, +ujy, = g(t) (6) 


Note that in this system we know the two solutions and so the only two unknowns here are u; 
and w,. Solving this system is actually quite simple. First, solve (5) for u; and plug this into (6) 


and do some simplification. 


’ u; 
u Suc 22 (7) 
JI 
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22) yi tuys = g(t) 


1 


us [: 2) -9(y 


1 
u! [= PAPA = g(t) 
Ji 


a vs (t) , (8) 
Vio ~ V2V 


Uu 


So, we now have an expression for u,. Plugging this into (7) will give us an expression for uw, . 


fa (9) 
Vi V2 ~ V2) 


Next, let’s notice that 
W (yi V2) = Wy -Yr.Y #0 


Recall that y;(¢) and y2(t) are a fundamental set of solutions and so we know that the Wronskian 
won’t be zero! 


Finally, all that we need to do is integrate (8) and (9) in order to determine what u(t) and u2(t) 
are. Doing this gives, 


u(=-| 220" dt n()= | 20 dt 


W(y502) W(¥1s¥2) 


So, provided we can do these integrals, a particular solution to the differential equation is 
Y, (t) = VU + YU, 


= »| 728 ey, | EO 


W (ys). W (¥s)2) 


So, let’s summarize up what we’ve determined here. 


Variation of Parameters 


Consider the differential equation, 
y’t+q(t)y'+r(t)y =e(t) 
Assume that y,(¢) and y2(t) are a fundamental set of solutions for 
y"+q(t)y'+r(t)y =0 
Then a particular solution to the nonhomogeneous differential equation is, 


Y,(t)= ny] PEO tray, | FEO a 


W(y 2 W (ys) 
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Depending on the person and the problem, some will find the formula easier to memorize and 
use, while others will find the process used to get the formula easier. The examples in this 
section will be done using the formula. 


Before proceeding with a couple of examples let’s first address the issues involving the constants 
of integration that will arise out of the integrals. Putting in the constants of integration will give 


the following. 
Vg (t) y(t) 
Y,(t)=—-y | FEO aise +y | FeO ast 
a ( W(¥5¥2) { W(yd2) 


_ nf | vg(t) dt +(—cy, + ky, ) 


W(y15¥2 W (¥5)2) 


The final quantity in the parenthesis is nothing more than the complementary solution with c; = - 
c and c, = k and we know that if we plug this into the differential equation it will simplify out to 
Zero since it is the solution to the homogeneous differential equation. In other words, these terms 
add nothing to the particular solution and so we will go ahead and assume that c = 0 and A= 0 in 
all the examples. 


One final note before we proceed with examples. Do not worry about which of your two 
solutions in the complementary solution is y;(t) and which one is y2(t). It doesn’t matter. You 
will get the same answer no matter which one you choose to be y,(t) and which one you choose to 


be y2(t). 


Let’s work a couple of examples now. 


Example 1 Find a general solution to the following differential equation. 
2y"+18y= 6 tan (37) 
Solution 
First, since the formula for variation of parameters requires a coefficient of a one in front of the 


second derivative let’s take care of that before we forget. The differential equation that we’ll 
actually be solving is 


y" + 9y =3 tan (3¢) 


We'll leave it to you to verify that the complementary solution for this differential equation is 
y.(t) =e, cos (3t) +c, sin (3¢) 
So, we have 


y, (t) = cos (32) y, (t) = sin (32) 


The Wronskian of these two functions is 
cos(3t) — sin(3r) 


= 30s? (31) +3sin? (31) =3 
—3sin(3t) 3cos(3¢) econrlgy cen G2) 


The particular solution is then, 
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3 sin (3¢) tan (3¢) Ses 


(ay | en) P 


os(3 : 


1—cos* 
aT 
=—cos(3r) [ sec c(3t)— cos (31) dt +sin (37) [ sin (30) dt 


VN iteie 3t) (32) [ sin( sin (3t)d 


lame 
= -cos(3y) | - se dt + sin (3¢) | sin(3r) at 


e cali In|sec( 3) + tan (37) )|- sin ( (37)) "C9 (—cos(31) 


3 
a eos(30) In lsec(32) + tan (37) 
The general solution is, 
y(t) =c, cos(3t) +c, sin (31) 8) |sec(3r) + tan (37) 


Example 2 Find a general solution to the following differential equation. 


e 
" Uy 
yey y= 
P+ 

Solution 
We first need the complementary solution for this differential equation. We’ll leave it to you to 
verify that the complementary solution is, 

y,(t) =ce' +c,te! 


So, we have 
t 


y, (t) =e 

The Wronskian of these two functions is 

e te 

- ane =e’ (e' +re')—e' (re’) =e” 
e ec+te 


The particular solution is then, 
te’ e' ee’ 
Y,(t)=—e’ | —_——~-dt + te’ | —_——~dtt 
) |sea |eea 


1 
--c'| a ar-vte' | > — at 
| i otal 


dig oe fee 
are In(1+2°)+2e tan '(t) 


The general solution is, 


y(t) =ce' +c,Le' -se In(1+2°)+re! tan”! (t) 
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This method can also be used on non-constant coefficient differential equations, provided we 
know a fundamental set of solutions for the associated homogeneous differential equation. 


Example 3 Find the general solution to 
ty" -(tt+)y'tyat 
given that 
y, (t)=e y,(t)=t+1 
form a fundamental set of solutions for the homogeneous differential equation. 


Solution 
As with the first example, we first need to divide out by a ¢. 


"-(147] [a =i 
Jy y Jy ; Jy 
The Wronskian for the fundamental set of solutions is 

t 


e ft+l 


W= =e’ -e'(t+1)=-1e’ 


The particular solution is. 


¥At) = [OM reer [Oe 


-ef(erer dt—(t+l){ at 
=e'(-e" (¢+2))-(¢+1)2 
=-¢?-2t¢-2 


The general solution for this differential equation is. 
y(t)=ce' +c, (t+1)-f - 2-2 


We need to address one more topic about the solution to the previous example. The solution can 
be simplified down somewhat if we do the following. 


y(t)=ce' +c, (¢+1)-f -2t-2 
=ce't+c,(t+1)-0 -2(¢+1) 
=ce'+(¢,-2)(t+1)-2 


Now, since c, is an unknown constant subtracting 2 from it won’t change that fact. So we can 


just write the c, —2 as c, and be done with it. Here is a simplified version of the solution for 
this example. 
y(t)=ce' +e, (t+1)-7 


This isn’t always possible to do, but when it is you can simplify future work. 
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Mechanical Vibrations 


It’s now time to take a look at an application of second order differential equations. We’re going 
to take a look at mechanical vibrations. In particular we are going to look at a mass that is 
hanging from a spring. 


Vibrations can occur in pretty much all branches of engineering and so what we’re going to be 
doing here can be easily adapted to other situations, usually with just a change in notation. 


Let’s get the situation setup. We are going to start with a spring of length /, called the natural 
length, and we’re going to hook an object with mass m up to it. When the object is attached to 
the spring the spring will stretch a length of ZL. We will call the equilibrium position the position 
of the center of gravity for the object as it hangs on the spring with no movement. 


Below is sketch of the spring with and without the object attached to it. 


Positive Direction 


As denoted in the sketch we are going to assume that all forces, velocities, and displacements in 
the downward direction will be positive. All forces, velocities, and displacements in the upward 
direction will be negative. 


Also, as shown in the sketch above, we will measure all displacement of the mass from its 
equilibrium position. Therefore, the u = 0 position will correspond to the center of gravity for the 
mass as it hangs on the spring and is at rest (i.e. no movement). 


Now, we need to develop a differential equation that will give the displacement of the object at 
any time ¢. First, recall Newton’s Second Law of Motion. 

ma=F 
In this case we will use the second derivative of the displacement, wu, for the acceleration and so 
Newton’s Second Law becomes, 


mu" = F (t,u,u') 
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We now need to determine all the forces that will act upon the object. There are four forces that 
we will assume act upon the object. Two that will always act on the object and two that may or 
may not act upon the object. 


Here is a list of the forces that will act upon the object. 


1. Gravity, F, 
The force due to gravity will always act upon the object of course. This force is 
F=mg 
& 


2. Spring, F; 
We are going to assume that Hooke’s Law will govern the force that the spring exerts on 
the object. This force will always be present as well and is 


F.=-k(L+u) 


Hooke’s Law tells us that the force exerted by a spring will be the spring constant, k > 0, 
times the displacement of the spring from its natural length. For our set up the 
displacement from the spring’s natural length is Z + wu and the minus sign is in there to 
make sure that the force always has the correct direction. 


Let’s make sure that this force does what we expect it to. If the object is at rest in its 
equilibrium position the displacement is Z and the force is simply F’; = —AL which will act 
in the upward position as it should since the spring has been stretched from its natural 
length. 


If the spring has been stretched further down from the equilibrium position then L+u 
will be positive and F; will be negative acting to pull the object back up as it should be. 


Next, if the object has been moved up past its equilibrium point, but not yet to its natural 
length then u will be negative, but still less than LZ and so L + u will be positive and once 
again F; will be negative acting to pull the object up. 


Finally, if the object has been moved upwards so that the spring is now compressed, then 
u will be negative and greater than L. Therefore, L + u will be negative and now F; will 
be positive acting to push the object down. 


So, it looks like this force will act as we expect that it should. 


3. Damping, Fa 
The next force that we need to consider is damping. This force may or may not be 
present for any given problem. 


Dampers work to counteract any movement. There are several ways to define a damping 
force. The one that we’ll use is the following. 


F,=-yu' 
where, v> 0 is the damping coefficient. Let’s think for a minute about how this force 


will act. If the object is moving downward, then the velocity (u’ ) will be positive and so 
F will be negative and acting to pull the object back up. Likewise, if the object is 
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moving upward, the velocity (w’ ) will be negative and so Fy will be positive and acting 
to push the object back down. 


In other words, the damping force as we’ ve defined it will always act to counter the 
current motion of the object and so will act to damp out any motion in the object. 


4. External Forces, F(t) 
This is the catch all force. If there are any other forces that we decide we want to act on 
our object we lump them in here and call it good. We typically call F(¢) the forcing 
function. 


Putting all of these together gives us the following for Newton’s Second Law. 
mu" =mg—k(L+u)—yu'+F(t) 


Or, upon rewriting, we get, 
mu" + yu' +ku =mg —kL + F(t) 


Now, when the object is at rest in its equilibrium position there are exactly two forces acting on 
the object, the force due to gravity and the force due to the spring. Also, since the object is at rest 
(i.e. not moving) these two forces must be canceling each other out. This means that we must 
have, 

mg =kL (1) 


Using this in Newton’s Second Law gives us the final version of the differential equation that 
we’ ll work with. 


mu" + yu'+ku = F(t) (2) 
Along with this differential equation we will have the following initial conditions. 


u (0) =u Initial displacement from the equilibrium position. 
aera 3) 
u'(0)=u, Initial velocity. 


Note that we’ll also be using (1) to determine the spring constant, k. 

Okay. Let’s start looking at some specific cases. 

Free, Undamped Vibrations 

This is the simplest case that we can consider. Free or unforced vibrations means that F(t) = 0 
and undamped vibrations means that y= 0. In this case the differential equation becomes, 


mu"+ku=0 


This is easy enough to solve in general. The characteristic equation has the roots, 


This is usually reduced to, 
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r=tq@l 
where, 
_ k 
QO) =4|— 
m 


and @p is called the natural frequency. Recall as well that m > 0 and k > 0 and so we can 
guarantee that this quantity will not be complex. The solution in this case is then 


u(t)=c,cos(@ t)+c, sin(@, t) 


We can write (4) in the following form, 
u(t) =Rcos(at—6) 


where R is the amplitude of the displacement and dis the phase shift or phase angle of the 
displacement. 


(4) 


(5) 


When the displacement is in the form of (5) it is usually easier to work with. However, it’s easier 


to find the constants in (4) from the initial conditions than it is to find the amplitude and phase 


shift in (5) from the initial conditions. So, in order to get the equation into the form in (5) we will 
first put the equation in the form in (4), find the constants, c; and c2 and then convert this into the 


form in (5). 


So, assuming that we have c; and c2 how do we determine R and 5? Let’s start with (5) and use a 


trig identity to write it as 
u(t) = Rcos(d)cos(at)+ Rsin(d)sin (at) 


Now, & and dare constants and so if we compare (6) to (4) we can see that 
c, =Rcosd c, =Rsind 


We can find R in the following way. 
c, +c; = R’ cos’ 6+ R’ sin’? 6 = R” 


Taking the square root of both sides and assuming that R is positive will give 
R=\/c: +e, 


Finding is just as easy. We’ll start with 
c,  Rsind _ 


= tand 
c, Rcosd 


Taking the inverse tangent of both sides gives, 


6 =tan' [S) 
Cc 


(6) 


(7) 


(8) 


Before we work any examples let’s talk a little bit about units of mass and the British vs. metric 


system differences. 


Recall that the weight of the object is given by 
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W =mg 
where m is the mass of the object and g is the gravitational acceleration. For the examples in this 
problem we’ll be using the following values for g. 
British : g =32 ft/s° 


Metric : g =9.8 m/s” 


This is not the standard 32.2 ft/s? or 9.81 m/s”, but using these will make some of the numbers 
come out a little nicer. 


In the metric system the mass of objects is given in kilograms (Ag) and there is nothing for us to 
do. However, in the British system we tend to be given the weight of an object in pounds (yes, 
pounds are the units of weight not mass...) and so we’ll need to compute the mass for these 
problems. 


At this point we should probably work an example of all this to see how this stuff works. 


Example 1 A 16 \b object stretches a spring % ft by itself. There is no damping and no external 
forces acting on the system. The spring is initially displaced 6 inches upwards from its 


equilibrium position and given an initial velocity of 1 ft/sec downward. Find the displacement at 
any time ¢, u(t). 


Solution 
We first need to set up the IVP for the problem. This requires us to get our hands on m and k. 


This is the British system so we’ll need to compute the mass. 
W 161 

ev 32 2 

Now, let’s get k. We can use the fact that mg = kL to find k. Don’t forget that we'll need all of 

our length units the same. We’ll use feet for the unit of measurement for this problem. 


pa 8 16 _1¢ 


8 
ec 
We can now set up the IVP. 
$u"+18u=0 u(0)=-— u'(0)=1 


For the initial conditions recall that upward displacement/motion is negative while downward 
displacement/motion is positive. Also, since we decided to do everything in feet we had to 
convert the initial displacement to feet. 


Now, to solve this we can either go through the characteristic equation or we can just jump 
straight to the formula that we derived above. We’ll do it that way. First, we need the natural 
frequency, 
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a y= 6 
2 


The general solution, along with its derivative, is then, 
u(t) =c, cos(6t)+c, sin (6r) 
u'(t) =—6c, sin (6t) + 6c, cos(6r) 


Applying the initial conditions gives 


1 1 
al) = a= 
1=u'(0)=6c,cos(6t) —_c, == 


The displacement at any time ¢ is then 


u(t) = 00s (61) +—sin(6t) 


Now, let’s convert this to a single cosine. First let’s get the amplitude, R. 


2 2 
no (2) +(L) Boar 


2 6 


You can use either the exact value here or a decimal approximation. Often the decimal 
approximation will be easier. 


Now let’s get the phase shift. 


| 
6 =tan! Ls = —0.32175 


We need to be careful with this part. The phase angle found above is in Quadrant IV, but there is 
also an angle in Quadrant II that would work as well. We get this second angle by adding z onto 
the first angle. So, we actually have two angles. They are 


6, =-0.32175 
5, =5, +2 =2.81984 


We need to decide which of these phase shifts is correct, because only one will be correct. To do 
this recall that 


c, =Rcosd 


c, =Rsind 


Now, since we are assuming that R is positive this means that the sign of cosd will be the same as 
the sign of c; and the sign of sind will be the same as the sign of c2. So, for this particular case 
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we must have cosd < 0 and sind > 0. This means that the phase shift must be in Quadrant II and 
so the second angle is the one that we need. 


So, after all of this the displacement at any time f is. 


u(t) = 0.52705 cos(6t— 2.81984) 


Here is a sketch of the displacement for the first 5 seconds. 
0.5 
0. 

-0.25 \ \ 
-0.5 


Now, let’s take a look at a slightly more realistic situation. No vibration will go on forever. So 
let’s add in a damper and see what happens now. 


Free, Damped Vibrations 

We are still going to assume that there will be no external forces acting on the system, with the 

exception of damping of course. In this case the differential equation will be. 
u"+vu'+ku=0 

where m, 6, and k are all positive constants. Upon solving for the roots of the characteristic 


equation we get the following. 
_nrtP=4nk 
2m 


We will have three cases here. 


1. vy? —4mk =0 
In this case we will get a double root out of the characteristic equation and the displacement 
at any time ¢ will be. 
yt yt 
u(t) =ce on +c,te = 


Notice that as tf — co the displacement will approach zero and so the damping in this case 
will do what it’s supposed to do. 


This case is called critical damping and will happen when the damping coefficient is, 
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y’ —4mk =0 
vy? =4mk 


y =2vV mk = 7x 


The value of the damping coefficient that gives critical damping is called the critical damping 
coefficient and denoted by yr. 


2. ¥°-4mk >0 
In this case let’s rewrite the roots a little. 


_ —y +/y? —4mk 


II 
| 
“ah 
a 
— 
a 
— 
| 
~ = 
> 
NE” 


Also notice that from our initial assumption that we have, 
vy > 4mk 
4mk 


2 


1> 


Using this we can see that the fraction under the square root above is less than one. Then if 
the quantity under the square root is less than one, this means that the square root of this 
quantity is also going to be less than one. In other words, 


- 4mk 


2 


1 <1 


Why is this important? Well, the quantity in the parenthesis is now one plus/minus a number 
that is less than one. This means that the quantity in the parenthesis is guaranteed to be 
positive and so the two roots in this case are guaranteed to be negative. Therefore the 
displacement at any time f is, 


u (¢) =ce™ +c,e” 


and will approach zero as t 0. So, once again the damper does what it is supposed to do. 


This case will occur when 
vy > 4mk 


y > 2Vimk 


Y>Ver 
and is called over damping. 
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3. y? —4mk <0 
In this case we will get complex roots out of the characteristic equation. 


2 
-y Vv —4mk 
ho= iets =A+ Ui 
“alin 2m 
where the real part is guaranteed to be negative and so the displacement is 


u(t)=ce“ cos( ut) +c,e” sin (yt) 
=e” (c, cos(ut) +c, sin(ut)) 
= Re“ cos( ut - 5) 


Notice that we reduced the sine and cosine down to a single cosine in this case as we did in 
the undamped case. Also, since 4 < 0 the displacement will approach zero as t + 00 and the 
damper will also work as it’s supposed to in this case. 


We will get this case will occur when 
vy? <4mk 


y < 2mk 


Y<Ver 
and is called under damping. 


Let’s take a look at a couple of examples here with damping. 


Example 2 Take the spring and mass system from the first example and attach a damper to it 
that will exert a force of 12 Ibs when the velocity is 2 ft/s. Find the displacement at any time f¢, 


u(t). 


Solution 

The mass and spring constant were already found in the first example so we won’t do the work 
here. We do need to find the damping coefficient however. To do this we will use the formula 
for the damping force given above with one modification. The original damping force formula is, 


F,=-yu' 


However, remember that the force and the velocity are always acting in opposite directions. So, 
if the velocity is upward (i.e. negative) the force will be downward (i.e. positive) and so the 
minus in the formula will cancel against the minus in the velocity. Likewise, if the velocity is 
downward (i.e. positive) the force will be upwards (i.e. negative) and in this case the minus sign 
in the formula will cancel against the minus in the force. In other words, we can drop the minus 
sign in the formula and use 

Fy=yu' 
and then just ignore any signs for the force and velocity. 


Doing this gives us the following for the damping coefficient 


=7(2) > y=6 


The IVP for this example is then, 
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5H" + 6u' +18u =0 u(0)=-> u'(0)=1 


Before solving let’s check to see what kind of damping we’ve got. To do this all we need is the 
critical damping coefficient. 


yoy in =2 [182] =209 = 


So, it looks like we’ ve got critical damping. Note that this means that when we go to solve the 
differential equation we should get a double root. 


Speaking of solving, let’s do that. Ill leave the details to you to check that the displacement at 
any time f is. 


u(t) = -ae" = Jie” 


Here is a sketch of the displacement during the first 3 seconds. 
u 


Notice that the “vibration” in the system is not really a true vibration as we tend to think of them. 
In the critical damping case there isn’t going to be a real oscillation about the equilibrium point 
that we tend to associate with vibrations. The damping in this system is strong enough to force 
the “vibration” to die out before it ever really gets a chance to do much in the way of oscillation. 


Example 3 Take the spring and mass system from the first example and this time let’s attach a 
damper to it that will exert a force of 17 lbs when the velocity is 2 ft/s. Find the displacement at 
any time ¢, u(t). 


Solution 
So, the only difference between this example and the previous example is damping force. So let’s 
find the damping coefficient 


17 
I7=y¥(2) => ee ae ke. 


So it looks like we’ve got over damping this time around so we should expect to get two real 
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distinct roots from the characteristic equation and they should both be negative. The IVP for this 
example is, 


Sut + Zu! +18u=0 u(0)=-— u'(0)=1 


This one’s a little messier than the previous example so we’ll do a couple of the steps, leaving it 
to you to fill in the blanks. The roots of the characteristic equation are 


—17+V145 
2 


= —2.4792, —14.5208 


No = 


In this case it will be easier to just convert to decimals and go that route. Note that, as predicted 
we got two real, distinct and negative roots. The general and actual solution for this example are 


then, 


—2.4792 —14.5208 
u(t)=ce ‘+o,e ; 


u(t) =—0.5198e 74”! +.0.0199@ 452"! 


Here’s a sketch of the displacement for this example. 


u 
0. t 
2 3 
—0.25 
-0.5 


Notice an interesting thing here about the displacement here. Even though we are “over” damped 
in this case, it actually takes longer for the vibration to die out than in the critical damping case. 
Sometimes this happens, although it will not always be the case that over damping will allow the 
vibration to continue longer than the critical damping case. 


Also notice that, as with the critical damping case, we don’t get a vibration in the sense that we 
usually think of them. Again, the damping is strong enough to force the vibration do die out 
quick enough so that we don’t see much, if any, of the oscillation that we typically associate with 


vibrations. 


Let’s take a look at one more example before moving on the next type of vibrations. 
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Example 4 Take the spring and mass system from the first example and for this example let’s 
attach a damper to it that will exert a force of 5 lbs when the velocity is 2 ft/s. Find the 
displacement at any time ¢, u(t). 


Solution 
So, let’s get the damping coefficient. 


5 
So it’s under damping this time. That shouldn’t be too surprising given the first two examples. 


The IVP for this example is, 


Su" +24’ +18u=0 u(0)=-— u'(0)=1 


In this case the roots of the characteristic equation are 


_ 541191 


Yr 
1,2 
2 


They are complex as we expected to get since we are in the under damped case. The general 


solution and actual solution are 
V119 . | V119 
tj+ c, sin “a 


_3t | | 
u(t)=e 2 -0seo ~ |-o.seasn[ _ } 


Let’s convert this to a single cosine as we did in the undamped case. 
R=\(-0.5)' +(-0.04583)’ = 0.502096 
Sata ja 


)=0.090s1 OR 6, =0,+7 =3.2321 


As with the undamped case we can use the coefficients of the cosine and the sine to determine 
which phase shift that we should use. The coefficient of the cosine (c) is negative and so cosd 
must also be negative. Likewise, the coefficient of the sine (c2) is also negative and so sind must 
also be negative. This means that 6 must be in the Quadrant III and so the second angle is the one 
that we want. 


The displacement is then 


u(t) =0.502096e ? cos 


st (ae 
2 


(32321 


Here is a sketch of this displacement. 
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u 
0.25 
0. +t 
2 3 
-0.25 
-0.5 


In this case we finally got what we usually consider to be a true vibration. In fact that is the point 
of critical damping. As we increase the damping coefficient, the critical damping coefficient will 
be the first one in which a true oscillation in the displacement will not occur. For all values of the 
damping coefficient larger than this (i.e. over damping) we will also not see a true oscillation in 
the displacement. 


From a physical standpoint critical (and over) damping is usually preferred to under damping. 
Think of the shock absorbers in your car. When you hit a bump you don’t want to spend the next 
few minutes bouncing up and down while the vibration set up by the bump die out. You would 
like there to be as little movement as possible. In other words, you will want to set up the shock 
absorbers in your car so get at the least critical damping so that you can avoid the oscillations that 
will arise from an under damped case. 


It’s now time to look at systems in which we allow other external forces to act on the object in the 
system. 


Undamped, Forced Vibrations 
We will first take a look at the undamped case. The differential equation in this case is 


mu" + ku = F(t) 


This is just a nonhomogeneous differential equation and we know how to solve these. The 
general solution will be 


u(t)=u,(t)+U,(t) 
where the complementary solution is the solution to the free, undamped vibration case. To get 


the particular solution we can use either undetermined coefficients or variation of parameters 
depending on which we find easier for a given forcing function. 


There is a particular type of forcing function that we should take a look at since it leads to some 
interesting results. Let’s suppose that the forcing function is a simple periodic function of the 
form 


F(t) =F, cos(@t) OR F(t)=Fysin(at) 


For the purposes of this discussion we’ll use the first one. Using this, the [VP becomes, 
mu" + ku = F, cos(at) 
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The complementary solution, as pointed out above, is just 
u,(t) =c, cos(a@t)+c, sin(@pt) 
where @, is the natural frequency. 
We will need to be careful in finding a particular solution. The reason for this will be clear if we 


use undetermined coefficients. With undetermined coefficients our guess for the form of the 
particular solution would be, 


U,(t)=Acos(wt)+Bsin(at) 


Now, this guess will be problems if @, = @. If this were to happen the guess for the particular 


solution is exactly the complementary solution and so we’d need to add ina ¢t. Of course if we 
don’t have @, = @ then there will be nothing wrong with the guess. 


So, we will need to look at this in two cases. 


l. Q#@O 


In this case our initial guess is okay since it won’t be the complementary solution. Upon 
differentiating the guess and plugging it into the differential equation and simplifying we 
get, 
(—ma" A + kA) cos(wt)+ (—mo°B 1 kB)sin (wt) = F, cos(wt) 
Setting coefficients equal gives us, 
cos(at): (-mo’ +k) A=F, => A= 
sin(@t): (-mo’ +k)B=0 => B=0 


The particular solution is then 


Note that we rearranged things a little. Depending on the form that you’d like the 
displacement to be in we can have either of the following. 
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u(t) =c, cos(a@t)+c, sin(@t)+ 
Fy 
u(t)=Rcos(a@t—6)+——*— cos (at) 
m( a — 0°) 
If we used the sine form of the forcing function we could get a similar formula. 


2. @ =O 
In this case we will need to add in a ¢ to the guess for the particular solution. 
U,(t) = At cos(@pt)+ Brsin (at) 


Note that we went ahead and acknowledge that @ = @ in our guess. Acknowledging 


this will help with some simplification that we’ll need to do later on. Differentiating our 
guess, plugging it into the differential equation and simplifying gives us the following. 


(—me; + k) At cos(wt)+ (—ma; + k) Bt sin (wt) + 


2ma,B cos( wt )—2me@, Asin (wt) = F, cos( wt) 


Before setting coefficients equal, let’s remember the definition of the natural frequency 


and note that 
2 
—ma, +k --m +k =-m( +4 =0 
m m 


So, the first two terms actually drop out (which is a very good thing...) and this gives us, 
2ma,B cos(at)—2ma@,A sin (wt) = F, cos(wt) 


Now let’s set coefficient equal. 


cos (at): 2ma,B=F, => B= 
sin (at): 2maA=0 => #A=0 


In this case the particular will be, 


The displacement for this case is then 


u(t) =c, cos(@t)+c, sin(@t) + a tsin (apt) 


F 
u(t) =Rcos(a@t—-6)+—*tsin(at 
() = Reos( oy 8) +57 ssin (ay) 
depending on the form that you prefer for the displacement. 
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So, what was the point of the two cases here? Well in the first case, @ # @ our displacement 
function consists of two cosines and is nice and well behaved for all time. 


In contrast, the second case, @ = @_ will have some serious issues at t increases. The addition 


of the ¢ in the particular solution will mean that we are going to see an oscillation that grows in 
amplitude as ¢ increases. This case is called resonance and we would generally like to avoid this 
at all costs. 


In this case resonance arose by assuming that the forcing function was, 
F(t) = F, cos(@ t) 


We would also have the possibility of resonance if we assumed a forcing function of the form. 
F(t) =F, sin(@t) 


We should also take care to not assume that a forcing function will be in one of these two forms. 
Forcing functions can come in a wide variety of forms. If we do run into a forcing function 
different from the one that used here you will have to go through undetermined coefficients or 
variation of parameters to determine the particular solution. 


Example 5 A 3 kg object is attached to spring and will stretch the spring 392 mm by itself. 
There is no damping in the system and a forcing function of the form 


F (t)=10cos(at) 
is attached to the object and the system will experience resonance. If the object is initially 


displaced 20 cm downward from its equilibrium position and given a velocity of 10 cm/sec 
upward find the displacement at any time ¢. 


Solution 
Since we are in the metric system we won’t need to find mass as it’s been given to us. Also, for 
all calculations we’ll be converting all lengths over to meters. 


The first thing we need to do is find k. 
3)(9.8 
me _(3)(98) _ 4 


L 0.392 


Now, we are told that the system experiences resonance so let’s go ahead and get the natural 
frequency so we can completely set up the IVP. 


k 75 
a= fE-fB-s 
m 3 
The IVP for this is then 


3u"+ 75u =10cos(5t) u(0)=0.2 u'(0)=-0.1 


Solution wise there isn’t a whole lot to do here. The complementary solution is the free 
undamped solution which is easy to get and for the particular solution we can just use the formula 
that we derived above. 
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The general solution is then, 


u(t)=c, cos(5t)+c, sin(5t) + tsin (5) 


10 
2(3)(5) 
u(t)=c, cos(5t)+c, sin(5t) + stsin (51) 


Applying the initial conditions gives the displacement at any time ¢. We’ll leave the details to 
you to check. 


1 1. ls 
u(t) =—cos(5t)——~sin(5t)+—tsin(5t 
(1) = Leos (5)—Z-sin (5¢)+esin(51 
The last thing that we’ll do is combine the first two terms into a single cosine. 
Palanan ee 
R=,]||— +(-3) = 0.200998 
5 50 


zi 
6, =tan™ “fo = ~0.099669 5, =6, + =3.041924 


/s 


In this case the coefficient of the cosine is positive and the coefficient of the sine is negative. 
This forces cosé to be positive and sind to be negative. This means that the phase shift needs to 
be in Quadrant IV and so the first one is the correct phase shift this time. 


The displacement then becomes, 
| 
u(t) = 0.200998 cos (5t + 0.099669) + a! sin (5¢) 


Here is a sketch of the displacement for this example. 


la 
de 


It’s now time to look at the final vibration case. 
Forced, Damped Vibrations 
This is the full blown case where we consider every last possible force that can act upon the 


system. The differential equation for this case is, 
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mu" + yu'+ku = F(t) 
The displacement function this time will be, 
u(t)=u,(t)+U, (t) 
where the complementary solution will be the solution to the free, damped case and the particular 


solution will be found using undetermined coefficients or variation of parameter, whichever is 
most convenient to use. 


There are a couple of things to note here about this case. First, from our work back in the free, 
damped case we know that the complementary solution will approach zero as ¢ increases. 
Because of this the complementary solution is often called the transient solution in this case. 


Also, because of this behavior the displacement will start to look more and more like the 
particular solution as ¢ increases and so the particular solution is often called the steady state 
solution or forced response. 


Let’s work one final example before leaving this section. As with the previous examples, we’re 
going to leave most of the details out for you to check. 


Example 6 Take the system from the last example and add in a damper that will exert a force of 
45 Newtons when then velocity is 50 cm/sec. 


Solution 
So, all we need to do is compute the damping coefficient for this problem then pull everything 
else down from the previous problem. The damping coefficient is 


F,=yu' 
45= 7 (0.5) 
vy =90 
The IVP for this problem is. 
3u" + 90u'+ 75u =10cos(5¢) u(0)=0.2 u'(0)=-0.1 


The complementary solution for this example is 
u, (1) _ Caan: 2 Oe aes 


i (t) = 69085! 4 og 20.42 
c a | 2 
For the particular solution we the form will be, 
U,(t)= Acos(5¢)+ Bsin(5t) 


Plugging this into the differential equation and simplifying gives us, 


450B cos(5t)—450A sin (5¢) = 10cos(5r) 


Setting coefficient equal gives, 


u, (t) = Zsin(51) 


The general solution is then 
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u (t) = gerne +c,e010" + Zesin(5¢) 


Applying the initial condition gives 
u (t) = 0.1986e°*” +0.001398e77 17" + asin (5t) 


Here is a sketch of the displacement for this example. 
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Laplace Transforms 


Introduction 


In this chapter we will be looking at how to use Laplace transforms to solve differential 
equations. There are many kinds of transforms out there in the world. Laplace transforms and 
Fourier transforms are probably the main two kinds of transforms that are used. As we will see in 
later sections we can use Laplace transforms to reduce a differential equation to an algebra 
problem. The algebra can be messy on occasion, but it will be simpler than actually solving the 
differential equation directly in many cases. Laplace transforms can also be used to solve IVP’s 
that we can’t use any previous method on. 


For “simple” differential equations such as those in the first few sections of the last chapter 
Laplace transforms will be more complicated than we need. In fact, for most homogeneous 
differential equations such as those in the last chapter Laplace transforms is significantly longer 
and not so useful. Also, many of the “simple” nonhomogeneous differential equations that we 
saw in the Undetermined Coefficients and Variation of Parameters are still simpler (or at the least 
no more difficult than Laplace transforms) to do as we did them there. However, at this point, the 
amount of work required for Laplace transforms is starting to equal the amount of work we did in 
those sections. 


Laplace transforms comes into its own when the forcing function in the differential equation 
starts getting more complicated. In the previous chapter we looked only at nonhomogeneous 
differential equations in which g(t) was a fairly simple continuous function. In this chapter we 
will start looking at g(¢)’s that are not continuous. It is these problems where the reasons for 
using Laplace transforms start to become clear. 


We will also see that, for some of the more complicated nonhomogeneous differential equations 
from the last chapter, Laplace transforms are actually easier on those problems as well. 


Here is a brief rundown of the sections in this chapter. 


The Definition — The definition of the Laplace transform. We will also compute a 
couple Laplace transforms using the definition. 


Laplace Transforms — As the previous section will demonstrate, computing Laplace 
transforms directly from the definition can be a fairly painful process. In this section we 
introduce the way we usually compute Laplace transforms. 


Inverse Laplace Transforms — In this section we ask the opposite question. Here’s a 
Laplace transform, what function did we originally have? 


Step Functions — This is one of the more important functions in the use of Laplace 


transforms. With the introduction of this function the reason for doing Laplace 
transforms starts to become apparent. 
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Solving IVP’s with Laplace Transforms — Here’s how we used Laplace transforms to 
solve IVP’s. 


Nonconstant Coefficient [VP’s — We will see how Laplace transforms can be used to 
solve some nonconstant coefficient IVP’s 


IVP’s with Step Functions — Solving IVP’s that contain step functions. This is the 
section where the reason for using Laplace transforms really becomes apparent. 


Dirac Delta Function — One last function that often shows up in Laplace transform 
problems. 


Convolution Integral — A brief introduction to the convolution integral and an 
application for Laplace transforms. 


Table of Laplace Transforms — This is a small table of Laplace Transforms that we’ ll 
be using here. 
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The Definition 


You know, it’s always a little scary when we devote a whole section just to the definition of 
something. Laplace transforms (or just transforms) can seem scary when we first start looking at 
them. However, as we will see, they aren’t as bad as they may appear at first. 


Before we start with the definition of the Laplace transform we need to get another definition out 
of the way. 


A function is called piecewise continuous on an interval if the interval can be broken into a finite 
number of subintervals on which the function is continuous on each open subinterval (i.e. the 


subinterval without its endpoints) and has a finite limit at the endpoints of each subinterval. 
Below is a sketch of a piecewise continuous function. 


In other words, a piecewise continuous function is a function that has a finite number of breaks in 
it and doesn’t blow up to infinity anywhere. 


Now, let’s take a look at the definition of the Laplace transform. 


Definition 


Suppose that f(t) is a piecewise continuous function. The Laplace transform of f(t) is 
denoted ya a (t)} and defined as 


CS io f (t)dt (1) 


There is an alternate notation for Laplace transforms. For the sake of convenience we will often 
denote Laplace transforms as, 


With this alternate notation, note that the transform is really a function of a new variable, s, and 
that all the ¢’s will drop out in the integration process. 


Now, the integral in the definition of the transform is called an improper integral and it would 
probably be best to recall how these kinds of integrals work before we actually jump into 
computing some transforms. 
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Example 1 If c #0, evaluate the following integral. 
} “edt 
0 
Solution 
Remember that you need to convert improper integrals to limits as follows, 
[, edt =lim [ 'e" at 


Now, do the integral, then evaluate the limit. 


} _e dt = lim ver dt 


nao 


= lim + "| 
nao C 0 

= lim [te - *) 
nao Cc Cc 


Now, at this point, we’ve got to be careful. The value of c will affect our answer. We’ve already 
assumed that c was non-zero, now we need to worry about the sign of c. If c is positive the 
exponential will go to infinity. On the other hand, if c is negative the exponential will go to zero. 


n 


So, the integral is only convergent (i.e. the limit exists and is finite) provided c<0. In this case 
we get, 


} : edt = a provided c <0 (2) 
c 


Now that we remember how to do these, let’s compute some Laplace transforms. We’ll start off 
with probably the simplest Laplace transform to compute. 


Example 2 Compute £L {1} ; 


Solution 
There’s not really a whole lot do here other than plug the function f/f) = 1 into (1) 


L{l}= foe" de 


Now, at this point notice that this is nothing more than the integral in the previous example with 
c=-—s. Therefore, all we need to do is reuse (2) with the appropriate substitution. Doing this 
gives, 


ae a 
L{}=[e Gace. provided —s <0 


Or, with some simplification we have, 


Lilt= 7 provided s > 0 
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Notice that we had to put a restriction on s in order to actually compute the transform. All 
Laplace transforms will have restrictions on s. At this stage of the game, this restriction is 
something that we tend to ignore, but we really shouldn’t ever forget that it’s there. 


Let’s do another example. 


Example 3 Compute Lie" \ 


Solution 
Plug the function into the definition of the transform and do a little simplification. 


Liew = J, even dt = J, el) at 


Once again, notice that we can use (2) provided c=a-—s. So let’s do this. 


Liew} = J, el) at 


— 


=— provided a—s <0 


= provided s >a 


Let’s do one more example that doesn’t come down to an application of (2). 


Example 4 Compute £L { sin (at)} ; 


Solution 
Note that we’re going to leave it to you to check most of the integration here. Plug the function 
into the definition. This time let’s also use the alternate notation. 


L{sin(ar)} =F(s) 
= Joe" sin (at) dt 


=lim ["e sin (at) dt 


no 


Now, if we integrate by parts we will arrive at, 


n 


F(s)=lim (ae cos(at) | 


nono 


Sen, 
-- Joe “ cos(at) dt 


Now, evaluate the first term to simplify it a little and integrate by parts again on the integral. 
Doing this arrives at, 
n 


F(s)=lim (se* cos (an))—* [te sin(at)) 


nao a 


A, e™ sin(at) dt 


Now, evaluate the second term, take the limit and simplify. 
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1 S | . S en . 
F(s)=li ? —e* —| e* t)dt 
(s) in 2 226 sin(an)+— | e “ sin(at) ) 


- 1 S{ 5 fe sn( ata 
a a\a 
2 
=1-5 5 e “ sin(at) dt 
a a 


Now, notice that in the limits we had to assume that s>0 in order to do the following two limits. 
lime” cos(an) =0 
nao 


lime” sin(an) =0 


no 


Without this assumption, we get a divergent integral again. Also, note that when we got back to 
the integral we just converted the upper limit back to infinity. The reason for this is that, if you 

think about it, this integral is nothing more than the integral that we started with. Therefore, we 
now get, 


1 s? 
F(s)=—-4F(s) 
Now, simply solve for F(s) to get, 
L{sin(at)} = F(s)= = ; provided s > 0 
Sita 


As this example shows, computing Laplace transforms is often messy. 


Before moving on to the next section, we need to do a little side note. On occasion you will see 
the following as the definition of the Laplace transform. 


L{f(s}=[_ e's (oat 


Note the change in the lower limit from zero to negative infinity. In these cases there is almost 
always the assumption that the function f(t) is in fact defined as follows, 


_i|0 ift <0 
1-10 if 10 


In other words, it is assumed that the function is zero if t<0. In this case the first half of the 
integral will drop out since the function is zero and we will get back to the definition given in (1). 
A Heaviside function is usually used to make the function zero for <0. We will be looking at 
these in a later section. 
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Laplace Transforms 


As we saw in the last section computing Laplace transforms directly can be fairly complicated. 
Usually we just use a table of transforms when actually computing Laplace transforms. The table 
that is provided here is not an inclusive table, but does include most of the commonly used 
Laplace transforms and most of the commonly needed formulas pertaining to Laplace transforms. 


Before doing a couple of examples to illustrate the use of the table let’s get a quick fact out of the 
way. 


Fact 


Given f(t) and g(t) then, 
Liaf (t)+bg(t)} = aF(s)+bG(s) 


for any constants a and b. 


In other words, we don’t worry about constants and we don’t worry about sums or differences of 
functions in taking Laplace transforms. All that we need to do is take the transform of the 
individual functions, then put any constants back in and add or subtract the results back up. 


So, let’s do a couple of quick examples. 


Example 1 Find the Laplace transforms of the given functions. 
(a) f(t)=6e* +e" +5t°—9 [Solution] 


(b) g(t) =4cos(4t)—9sin(4t)+2cos(10r) [Solution] 

(c) A(t) =3sinh(2¢)+3sin(2z) [Solution] 

(d) g(t) =e” +.cos(6t)—e* cos(6t) [Solution] 
Solution 


Okay, there’s not really a whole lot to do here other than go to the table, transform the individual 
functions up, put any constants back in and then add or subtract the results. 


We’ll do these examples in a little more detail than is typically used since this is the first time 
we’re using the tables. 


(a) f(t) =6e* +e" +5t°-9 


6 1 30 9 
= + + 
s+5 s-3 s* 5 


[Return to Problems] 
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(b) g(t) =4cos(4r)—9sin (4¢) + 2cos(10¢) 


As 36 2s 
= + 
s° +16 5?+16 574100 


[Return to Problems] 


(c) h(t) =3sinh(2r)+3sin(2r) 


[Return to Problems] 


(d) g(t) =e" +cos(6t)—e” cos(6r) 


1 KY s—3 
G(s)= + 
(s) s-3 5°+(6) (s—3) +(6) 
1 KY s—3 


= aa z 
s-3 s° +36 (s-3) +36 


[Return to Problems] 


Make sure that you pay attention to the difference between a “normal” trig function and 
hyperbolic functions. The only difference between them is the “+ a” for the “normal” trig 
functions becomes a “- a*” in the hyperbolic function! It’s very easy to get in a hurry and not pay 
attention and grab the wrong formula. If you don’t recall the definition of the hyperbolic 
functions see the notes for the table. 


Let’s do one final set of examples. 


Example 2 Find the transform of each of the following functions. 
(a) f(t)=tcosh(3¢) [Solution] 
(b) h(t)=¢° sin(2t) [Solution] 
)= f2 [Solution] 
2 
= (102)? [Solution] 
=tg'(t) [Solution] 
Solution 


(a) f(t) =tcosh(3r) 


This function is not in the table of Laplace transforms. However we can use #30 in the table to 
compute its transform. This will correspond to #30 if we take n=1/. 
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F(s)= Litg(t)} =-G'(s), where g(t) = cosh (3r) 


So, we then have, 


Using #30 we then have, 


[Return to Problems] 


(b) A(t) =f sin(2r) 


This part will also use #30 in the table. In fact we could use #30 in one of two ways. We could 
use it with n=1. 


H(s)= Lif (t)} =-F"'(s), where f (t) =¢sin(2r) 


Or we could use it with n=2. 


H(s)= Lie f(t) =F"(s), where f (t) = sin (2r) 


Since it’s less work to do one derivative, let’s do it the first way. So using #9 we have, 
4 12s? -16 
- B'(s) == 


3 


1 rere ars 
(s° +4) (s? +4) 


The transform is then, 


[Return to Problems] 


This part can be done using either #6 (with n = 2 ) or #32 (along with #5). We will use #32 so 
we can see an example of this. In order to use #32 we’ll need to notice that 


t 23 3. 3p 
| Wvdv= se —t f=] vvay 


Now, using #5, 


we get the following. 


952 


“(S5))-S 


This is what we would have gotten had we used #6. 
[Return to Problems| 
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3 
(d) f(t) =(10r)? 
For this part we will use #24 along with the answer from the previous part. To see this note that 


if 


then 


Therefore, the transform is. 


[Return to Problems] 


(e) f(t) =¢g'(¢) 
This final part will again use #30 from the table as well as #35. 
d 
re ’ = eo ’ 
(1e'(t)}=--£{8'} 


Remember that g(0) is just a constant so when we differentiate it we will get zero! 
[Return to Problems| 


As this set of examples has shown us we can’t forget to use some of the general formulas in the 
table to derive new Laplace transforms for functions that aren’t explicitly listed in the table! 
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Inverse Laplace Transforms 


Finding the Laplace transform of a function is not terribly difficult if we’ve got a table of 
transforms in front of us to use as we saw in the last section. What we would like to do now is go 
the other way. 


We are going to be given a transform, F(s), and ask what function (or functions) did we have 
originally. As you will see this can be a more complicated and lengthy process than taking 
transforms. In these cases we say that we are finding the Inverse Laplace Transform of F(s) 
and use the following notation. 

f()=L°{F(s)} 


As with Laplace transforms, we’ve got the following fact to help us take the inverse transform. 


Fact 


Given the two Laplace transforms F(s) and G(s) then 
img {aF (s) +bG(s)} S70” {F (s)} +bL" {G(s)} 


for any constants a and b. 


So, we take the inverse transform of the individual transforms, put any constants back in and then 
add or subtract the results back up. 


Let’s take a look at a couple of fairly simple inverse transforms. 


Example 1 Find the inverse transform of each of the following. 


(a) F(s) = : — + = [Solution] 
(b) H(s)= 2 + [Solution] 
s+2 35-5 s° 
(c) F(s) = oS + [Solution] 
p°4:25- 9° 495 
8 
d) G(s )=—.~—_+ Soluti 
@ O(s)= sagt Fagg Solution 
Solution 


I’ve always felt that the key to doing inverse transforms is to look at the denominator and try to 
identify what you’ ve got based on that. If there is only one entry in the table that has that 
particular denominator, the next step is to make sure the numerator is correctly set up for the 
inverse transform process. If it isn’t, correct it (this is always easy to do) and then take the 
inverse transform. 


If there is more than one entry in the table that has a particular denominator, then the numerators 
of each will be different, so go up to the numerator and see which one you’ve got. If you need to 


correct the numerator to get it into the correct form and then take the inverse transform. 


So, with this advice in mind let’s see if we can take some inverse transforms. 
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1 4 
+ 
s—-8 s—3 


6 
(a) F(s)= : 


From the denominator of the first term it looks like the first term is just a constant. The correct 
numerator for this term is a “1” so we’ll just factor the 6 out before taking the inverse transform. 
The second term appears to be an exponential with a = & and the numerator is exactly what it 
needs to be. The third term also appears to be an exponential, only this time a =3 and we’ll 
need to factor the 4 out before taking the inverse transforms. 


So, with a little more detail than we’ ll usually put into these, 


tO ee 

5s s—8 s—3 

f (t)=6(1)-e* +4(e*) 
=6-e" +4e* 


[Return to Problems] 


19 1 7 
+ 
g42 Be—5° 5° 


(b) H(s)= 


The first term in this case looks like an exponential with a = —2 and we’ll need to factor out the 
19. Be careful with negative signs in these problems, it’s very easy to lose track of them. 


The second term almost looks like an exponential, except that it’s got a 3s instead of just an s in 
the denominator. It is an exponential, but in this case we’ll need to factor a 3 out of the 
denominator before taking the inverse transform. 


The denominator of the third term appears to be #3 in the table with n = 4. The numerator 
however, is not correct for this. There is currently a 7 in the numerator and we need a 4! = 24 in 
the numerator. This is very easy to fix. Whenever a numerator is off by a multiplicative 
constant, as in this case, all we need to do is put the constant that we need in the numerator. We 
will just need to remember to take it back out by dividing by the same constant. 


So, let’s first rewrite the transform. 


So, what did we do here? We factored the 19 out of the first term. We factored the 3 out of the 
denominator of the second term since it can’t be there for the inverse transform and in the third 
term we factored everything out of the numerator except the 4! since that is the portion that we 

need in the numerator for the inverse transform process. 


Let’s now take the inverse transform. 
1s 7 
h(t)=19e * -—e*? +—#" 
3 24 


[Return to Problems] 


© 2007 Paul Dawkins 191 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


6s 3 


OPO) as ag: 


In this part we’ve got the same denominator in both terms and our table tells us that we’ve either 
got #7 or #8. The numerators will tell us which we’ve actually got. The first one has ans in the 
numerator and so this means that the first term must be #8 and we’ll need to factor the 6 out of 
the numerator in this case. The second term has only a constant in the numerator and so this term 
must be #7, however, in order for this to be exactly #7 we’ll need to multiply/divide a 5 in the 
numerator to get it correct for the table. 


The transform becomes, 


F(s)=6—_,+ es 
x +(5) s° +(5) 
ag 8 ye 2 


Taking the inverse transform gives, 
f(t) = 6c0s(5t) +3sin (51) 


[Return to Problems] 


8 3 


OG a ge aL 


In this case the first term will be a sine once we factor a3 out of the denominator, while the 
second term appears to be a hyperbolic sine (#17). Again, be careful with the difference between 
these two. Both of the terms will also need to have their numerators fixed up. Here is the 
transform once we’re done rewriting it. 


1 8 3 
G(e\== 
(s) 35744 5749 
_1 (42), 33 


3574(2) s*-(7) 


Notice that in the first term we took advantage of the fact that we could get the 2 in the numerator 
that we needed by factoring the 8. The inverse transform is then, 


g(t)= =sin(2t)+=sinh (71) 


[Return to Problems| 


So, probably the best way to identify the transform is by looking at the denominator. If there is 
more than one possibility use the numerator to identify the correct one. Fix up the numerator if 
needed to get it into the form needed for the inverse transform process. Finally, take the inverse 
transform. 
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Let’s do some slightly harder problems. These are a little more involved than the first set. 


Example 2 Find the inverse transform of each of the following. 


(a) F(s) = “= [Solution] 


(b) F(s) ae [Solution] 
(©) G(s)=-— [Solution] 
(d) H (s)- [Solution] 
Solution 
6s —5 
“) EG) 7 s47 


From the denominator of this one it appears that it is either a sine or a cosine. However, the 
numerator doesn’t match up to either of these in the table. A cosine wants just ans in the 
numerator with at most a multiplicative constant, while a sine wants only a constant and no s in 
the numerator. 


We’ve got both in the numerator. This is easy to fix however. We will just split up the transform 
into two terms and then do inverse transforms. 


6s 5 
MSs @ 2 


f(t)= 6e0s( V7) sin( V7) 


Do not get too used to always getting the perfect squares in sines and cosines that we saw in the 
first set of examples. More often than not (at least in my class) they won’t be perfect squares! 
[Return to Problems] 


1-3s 
Oe ear ren 


In this case there are no denominators in our table that look like this. We can however make the 
denominator look like one of the denominators in the table by completing the square on the 
denominator. So, let’s do that first. 


s’+8s+21=5°+85+16-16421 
=s°+8s+16+5 
=(s+ 4)’ +5 
Recall that in completing the square you take half the coefficient of the s, square this, and then 


add and subtract the result to the polynomial. After doing this the first three terms should factor 
as a perfect square. 
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So, the transform can be written as the following. 
F(s)= 


1-35 
(s+4)" +5 


Okay, with this rewrite it looks like we’ve got #19 and/or #20’s from our table of transforms. 
However, note that in order for it to be a #19 we want just a constant in the numerator and in 
order to be a #20 we need an s — a in the numerator. We’ve got neither of these so we’ll have to 
correct the numerator to get it into proper form. 


In correcting the numerator always get the s —a first. This is the important part. We will also 
need to be careful of the 3 that sits in front of the s. One way to take care of this is to break the 
term into two pieces, factor the 3 out of the second and then fix up the numerator of this term. 
This will work, however it will put three terms into our answer and there are really only two 
terms. 


So, we will leave the transform as a single term and correct it as follows, 
1-3(s+4-4) 
F()= 4 
(s+4) +5 
_1-3(s+4)+12 
(s+4) +5 
_ -3(s+4)+13 
(s+4) +5 


We needed an s + 4 in the numerator, so we put that in. We just needed to make sure and take 
the 4 back out by subtracting it back out. Also, because of the 3 multiplying the s we needed to 
do all this inside a set of parenthesis. Then we partially multiplied the 3 through the second term 
and combined the constants. With the transform in this form, we can break it up into two 
transforms each of which are in the tables and so we can do inverse transforms on them, 


sta BG 
(st+4) +5 (st+4) +5 


f (t)=3e% cos(V5r) + al sin (V5) 


F(s)=-3 


[Return to Problems] 


(c) G ( s) = ele 
28° =6s=2 

This one is similar to the last one. We just need to be careful with the completing the square 

however. The first thing that we should do is factor a 2 out of the denominator, then complete the 

square. Remember that when completing the square a coefficient of 1 on the s° term is needed! 

So, here’s the work for this transform. 
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3s—2 
2(s?-3s-1) 
3s—2 


G(s)= 


So, it looks like we’ve got #21 and #22 with a corrected numerator. Here’s the work for that and 
the inverse transform. 


mec 
G(s)=5 (s-3) -8 
2 4 
_13(s-4)+4 
2 (5-3) -8 


In correcting the numerator of the second term, notice that I only put in the square root since we 
already had the “over 2” part of the fraction that we needed in the numerator. 


[Return to Problems] 


S+7 
@) H(s)-> 
s°—3s—-10 

This one appears to be similar to the previous two, but it actually isn’t. The denominators in the 
previous two couldn’t be easily factored. In this case the denominator does factor and so we need 
to deal with it differently. Here is the transform with the factored denominator. 


\= S+7 


~ (s+2)(s—5) 


The denominator of this transform seems to suggest that we’ve got a couple of exponentials, 
however in order to be exponentials there can only be a single term in the denominator and no s’s 
in the numerator. 


To fix this we will need to do partial fractions on this transform. In this case the partial fraction 
decomposition will be 
A B 
+ ——_ 
Se BSS 


H(s)= 


Don’t remember how to do partial fractions? In this example we’ll show you one way of getting 
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the values of the constants and after this example we’ll review how to get the correct form of the 
partial fraction decomposition. 


Okay, so let’s get the constants. There is a method for finding the constants that will always 
work, however it can lead to more work than is sometimes required. Eventually, we will need 
that method, however in this case there is an easier way to find the constants. 


Regardless of the method used, the first step is to actually add the two terms back up. This gives 
the following. 


s+7 _ A(s—5)+B(s+2) 


(s+2)(s—5) (s+2)(s—5) 


Now, this needs to be true for any s that we should choose to put in. So, since the denominators 
are the same we just need to get the numerators equal. Therefore, set the numerators equal. 


s+7=A(s—5)+B(s+2) 


Again, this must be true for ANY value of s that we want to put in. So, let’s take advantage of 
that. If it must be true for any value of s then it must be true for s = —2 , to pick a value at 
random. In this case we get, 

S 

5=A(-7)+B(0) >A ier 


We found A by appropriately picking s. We can B in the same way if we chose s =5. 


12=A(0)+B(7) = B= 


This will not always work, but when it does it will usually simplify the work considerably. 


So, with these constants the transform becomes, 


H(s)= ae en 


We can now easily do the inverse transform to get, 


h(t)=-26 +e 


[Return to Problems| 


The last part of this example needed partial fractions to get the inverse transform. When we 
finally get back to differential equations and we start using Laplace transforms to solve them, you 
will quickly come to understand that partial fractions are a fact of life in these problems. Almost 
every problem will require partial fractions to one degree or another. 


Note that we could have done the last part of this example as we had done the previous two parts. 
If we had we would have gotten hyperbolic functions. However, recalling the definition of the 
hyperbolic functions we could have written the result in the form we got from the way we worked 
our problem. However, most students have a better feel for exponentials than they do for 
hyperbolic functions and so it’s usually best to just use partial fractions and get the answer in 
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terms of exponentials. It may be a little more work, but it will give a nicer (and easier to work 
with) form of the answer. 


Be warned that in my class I’ve got a rule that if the denominator can be factored with integer 
coefficients then it must be. 


So, let’s remind you how to get the correct partial fraction decomposition. The first step is to 
factor the denominator as much as possible. Then for each term in the denominator we will use 
the following table to get a term or terms for our partial fraction decomposition. 


Factor in Term in partial 
denominator fraction decomposition 
A 
ax+b 
ax+b 
A A A 
k 1 2 k 
ax +b ”, ses 
( ) ax+b (ax+b) (ax+b)' 
5 Ax+B 
ax’ +bx+c 2. 
ax’ +bx+c 
i Ax+B, i Ax +B, ieee A,x+ B, 


?) a 
ax +bx+c) 2 2 ; 
( ax” +bx+c (ax? +bx +c) (ax? +bx+c) 


Notice that the first and third cases are really special cases of the second and fourth cases 
respectively. 


So, let’s do a couple more examples to remind you how to do partial fractions. 


Example 3 Find the inverse transform of each of the following. 


(a) 6)= ay aD [Solution] 
(b) "(= eaean) [Solution 
(c) 9a) [Solution] 
Solution 
@) G(s)= 865 —78 


(s+3)(s—4)(5s—1) 
Here’s the partial fraction decomposition for this part. 


G(s)= ae Oe 
s+3 s-4 5s-1 


Now, this time we won’t go into quite the detail as we did in the last example. We are after the 
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numerator of the partial fraction decomposition and this is usually easy enough to do in our 
heads. Therefore, we will go straight to setting numerators equal. 


86s —78 = A(s—4)(5s-1)+ B(s+3)(5s-1)+C(s+3)(s—4) 


As with the last example, we can easily get the constants by correctly picking values of s. 


s=-3 —336 = A(-7)(-16) Ss Aa3 

cod Hao ( He) -2| a @ 
5 5 5 5 

s=4 266 = B(7)(19) = B=) 


So, the partial fraction decomposition for this transform is, 


G(s)= oe 
+3 s-4 5s-1 


Now, in order to actually take the inverse transform we will need to factor a 5 out of the 
denominator of the last term. The corrected transform as well as its inverse transform is. 


3 2 1 
G(s)= sree ama 
5 


s+3 KY 


g(t)=—-3e% +2e" + e° 


[Return to Problems] 


2-5s 
(b) ea) 


So, for the first time we’ve got a quadratic in the denominator. Here’s the decomposition for this 
part. 


A Bs+C 
+ 


F — 
(s) s-6 gs +11 


Setting numerators equal gives, 


2-5s = A(s*+11)+(Bs+C)(s-6) 


Okay, in this case we could use s = 6 to quickly find A, but that’s all it would give. In this case 
we will need to go the “long” way around to getting the constants. Note that this way will always 
work, but is sometimes more work than is required. 


The “long” way is to completely multiply out the right side and collect like terms. 
2-5s = A(s? +11)+(Bs+C)(s-6) 
= As’ +114+ Bs’ -6B+Cs—6C 
=(A+B)s* +(-6B+C)s+114—6C 


In order for these two to be equal the coefficients of the s’, s and the constants must all be equal. 
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So, setting coefficients equal gives the following system of equations that can be solved. 


s’: A+B=0 Be a : 
fo6ReC2S) < Aso Bes ce! 
0 47 47 47 
s :11A4-6C=2 


Notice that I used s’ to denote the constants. This is habit on my part and isn’t really required, 
it’s just what I’m used to doing. Also, the coefficients are fairly messy fractions in this case. Get 
used to that. They will often be like this when we get back into solving differential equations. 


There is a way to make our life a little easier as well with this. Since all of the fractions have a 
denominator of 47 we’ll factor that out as we plug them back into the decomposition. This will 
make dealing with them much easier. The partial fraction decomposition is then, 


F(s)=z{- 28 4 

47\ s-6 s° +11 

_1{_ 28 | 289 67% 
AT| s-6 s? +11 s? 411 


The inverse transform is then. 


f(t)= is{-28e" +28 cos(Vi lr) --<T sin( Vit) 


[Return to Problems] 


25 


OO pias) 


With this last part do not get excited about the s°. We can think of this term as 
= (s - 0)’ 
and it becomes a linear term to a power. So, the partial fraction decomposition is 
A B C Ds+E 
G (s) =—+ 
. 


+—+ 
vs si sg? +4545 


Setting numerators equal and multiplying out gives. 
25 = As” (s° +4s+5)+Bs(s° +4s+5)+C(s° +4s+5)+(Ds+E)s° 


=(A+D)s*+(44+B+E)s° +(5A+4B+C)s° +(5B+4C)s+5C 


Setting coefficients equal gives the following system. 
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s*: A+D=0 
si: 444+B+E=0 
s’?:5A+4B+C=0 = Jone ee pea ee 
s': 5B+4C=0 . . : 
s°: 5C=25 


This system looks messy, but it’s easier to solve than it might look. First we get C for free from 
the last equation. We can then use the fourth equation to find B. The third equation will then 
give A, etc. 


When plugging into the decomposition we’ll get everything with a denominator of 5, then factor 
that out as we did in the previous part in order to make things easier to deal with. 


a(s)=3{4 20 25 tte) 


Sis s° ss? +4545 

Note that we also factored a minus sign out of the last two terms. To complete this part we’ll 
need to complete the square on the later term and fix up a couple of numerators. Here’s that 
work. 


1/11 20 25 11s+24 

dO trerarae ay re 
_1f11_20 25 _11(s+2-2)+24 
ate Se (s+2) 41 
_1{11_ 20, 253 WM (s+2) 2 
S| ss) s*  (s+2)'+1 (s+2)' +1 


The inverse transform is then. 


g(t)= [i 20t + = t’ —1le™ cos(t)-2e~ sin(1) 


[Return to Problems| 


So, one final time. Partial fractions are a fact of life when using Laplace transforms to solve 
differential equations. Make sure that you can deal with them. 
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Step Functions 


Before proceeding into solving differential equations we should take a look at one more function. 
Without Laplace transforms it would be much more difficult to solve differential equations that 
involve this function in g(t). 


The function is the Heaviside function and is defined as, 


0 ift<c 
u(={) 


ift>c 


Here is a graph of the Heaviside function. 
y 


Heaviside functions are often called step functions. Here is some alternate notation for Heaviside 
functions. 


u.(t)=u(t-—c)=H(t-c) 


We can think of the Heaviside function as a switch that is off until ¢ = c at which point it turns on 
and takes a value of 1. So what if we want a switch that will turn on and takes some other value, 
say 4, or -7? 


Heaviside functions can only take values of 0 or 1, but we can use them to get other kinds of 
switches. For instance 4u,(t) is a switch that is off until ¢ = c and then turns on and takes a value 
of 4. Likewise, -7u,(t) will be a switch that will take a value of -7 when it turns on. 


Now, suppose that we want a switch that is on (with a value of 1) and then turns off at t= c. We 
can use Heaviside functions to represent this as well. The following function will exhibit this 
kind of behavior. 


1 (1) 1-O=1 ift<c 
—-u = 
: 1-1=0 ift2c 


Prior to t = c the Heaviside is off and so has a value of zero. The function as whole then for t < c 
has a value of 1. When we hit t = c the Heaviside function will turn on and the function will now 
take a value of 0. 


We can also modify this so that it has values other than 1 when it is on. For instance, 
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3=31u, (¢) 


will be a switch that has a value of 3 until it turns off at t = c. 


We can also use Heaviside functions to represent much more complicated switches. 


Example 1 Write the following function (or switch) in terms of Heaviside functions. 


4 ift <6 
25 if6<t<8 
I()=146 if 8<1<30 
10 if > 30 


Solution 

There are three sudden shifts in this function and so (hopefully) it’s clear that we’re going to need 
three Heaviside functions here, one for each shift in the function. Here’s the function in terms of 
Heaviside functions. 


f(t) =-4+29u, (t) —9u, (t) — OU, (t) 
It’s fairly easy to verify this. 


In the first interval, t < 6 all three Heaviside functions are off and the function has the value 
f()=-4 

Notice that when we know that Heaviside functions are on or off we tend to not write them at all 

as we did in this case. 


In the next interval, 6 <¢ <8 the first Heaviside function is now on while the remaining two are 
still off. So, in this case the function has the value. 


f (t)=-4429 =25 


In the third interval, 8 < ¢ < 30 the first two Heaviside functions are on while the last remains 
off. Here the function has the value. 


f (t)=-44+29-9=16 


In the last interval, ¢t > 30 all three Heaviside function are one and the function has the value. 


f (t)=-44+29-9-6=10 


So, the function has the correct value in all the intervals. 


All of this is fine, but if we continue the idea of using Heaviside function to represent switches, 
we really need to acknowledge that most switches will not turn on and take constant values. Most 
switches will turn on and vary continually with the value of ¢. 


So, let’s consider the following function. 
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‘ 
= 


We would like a switch that is off until ¢ = c and then turns on and takes the values above. By 
this we mean that when ¢ = c we want the switch to turn on and take the value of f(0) and when t 
= c + 4 we want the switch to turn on and take the value of /(4), etc. In other words, we want the 
switch to look like the following, 


y 


c 


Notice that in order to take the values that we want the switch to take it needs to turn on and take 
the values of f (t - c) ! We can use Heaviside functions to help us represent this switch as well. 


Using Heaviside functions this switch can be written as 


g(t)=u.(t)f(¢-e) (1) 


Okay, we’ve talked a lot about Heaviside functions to this point, but we haven’t even touched on 
Laplace transforms yet. So, let’s start thinking about that. Let’s determine the Laplace transform 
of (1). This is actually easy enough to derive so let’s do that. Plugging (1) into the definition of 
the Laplace transform gives, 


L{u,(t) f(t-c)}=[oe"u. (0) f (tc) at 
=| es (t-c)at 
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Notice that we took advantage of the fact that the Heaviside function will be zero if t < c and 1 
otherwise. This means that we can drop the Heaviside function and start the integral at c instead 
of 0. Now use the substitution u = ¢—c and the integral becomes, 


Lu, (t)f (tc) =] es (u) du 
= J, eres (u) du 


The second exponential has no w’s in it and so it can be factored out of the integral. Note as well 
that in the substitution process the lower limit of integration went back to 0. 


L£{u, (t) f (t-c)} = eo [ef (u)du 


Now, the integral left is nothing more than the integral that we would need to compute if we were 
going to find the Laplace transform of f(t). Therefore, we get the following formula 


L{u,(t) f (t-c)} =e °F (s) (2) 


In order to use (2) the function f(t) must be shifted by c, the same value that is used in the 
Heaviside function. Also note that we only take the transform of f(t) and not f(t-c)!: We can also 
turn this around to get a useful formula for inverse Laplace transforms. 


io je °F (s)} =u,(t) f(t-c) (3) 


We can use (2) to get the Laplace transform of a Heaviside function by itself. To do this we will 
consider the function in (2) to be f(t) = 1. Doing this gives us 


-Ccs 


Cu, (1)}= Lu, (t)e1} =e Lf} =e = — 


S 


Putting all of this together leads to the following two formulas. 


fu, (0)} = chan) () 


Let’s do some examples. 


Example 2 Find the Laplace transform of each of the following. 
(a) g(t) =10u,,(t)+2(¢-6) u,(t)-(7-e”)u,(t) [Solution] 
(b) f(t) =—t°u,(t)+cos(t)u;(t) [Solution] 


t ift <5 
c) A(t)= Soluti 
OHH) ssein( #1) ieess “Soman 
10 2 


t ift<6 


ae [Solution] 
-8+(t-6) ift> 


(d) f(t) -| 
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Solution 
In all of these problems remember that the function MUST be in the form 


Uu, (t) f (t-c) 


before we start taking transforms. If it isn’t in that form we will have to put it into that form! 
(a) g(t) =10u,, (1) +2(t-6)' u,(t)-(7-e? * Ju, (2) 


So there are three terms in this function. The first is simply a Heaviside function and so we can 
use (4) on this term. The second and third terms however have functions with them and we need 
to identify the functions that are shifted for each of these. In the second term it appears that we 
are using the following function, 


f(t)=28 => f(t-6)=2(t-6) 


and this has been shifted by the correct amount. 


The third term uses the following function, 
f@=T-e* => f(t-4)=7T-e%" =7-c 


which has also been shifted by the correct amount. 


With these functions identified we can now take the transform of the function. 


-12s 2 ! 
(0 eae (3 (2 le 
S 


341 = 
s* s st+3 


le" | 12e** ¢ 1 Je 


[Return to Problems] 


(b) f(t) =—t?u, (t)+cos(t)u, (t) 


This part is going to cause some problems. There are two terms and neither has been shifted by 
the proper amount. The first term needs to be shifted by 3 and the second needs to be shifted by 
5. So, since they haven’t been shifted, we will need to force the issue. We will need to add in the 
shifts, and then take them back out of course. Here they are. 


f (t)=-(t-3+3) u(t) +cos(t-5+5)u, (t) 


Now we still have some potential problems here. The first function is still not really shifted 
correctly, so we’ ll need to use 


(a +b) =a’ +2ab+b’ 
to get this shifted correctly. 


The second term can be dealt with in one of two ways. The first would be to use the formula 
cos(a +b) =cos(a)cos(b)—sin(a)sin(b) 
to break it up into cosines and sines with arguments of t-5 which will be shifted as we expect. 


There is an easier way to do this one however. From our table of Laplace transforms we have 
#16 and using that we can see that if 
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g(t) =cos(t+5) = g(t-5)=cos(t-5+5) 
This will make our life a little easier so we’ll do it this way. 


Now, breaking up the first term and leaving the second term alone gives us, 


f(t)=-((¢-3)° +6(¢-3) +9) (1) + c08(¢-5+ 5) (¢) 


Okay, so it looks like the two functions that have been shifted here are 
g(t)=0 +6t+9 


g(t) =cos(t+5) 
Taking the transform then gives, 


F(a) (ZS 2) ements) 


rae | 


It’s messy, especially the second term, but there it is. Also, do not get excited about the cos(5) 


and sin (5) . They are just numbers. 


[Return to Problems] 


, ift<5 


A= 
(©) A(t) #43sin{ £3 P75 
10 2 


This one isn’t as bad as it might look on the surface. The first thing that we need to do is write it 
in terms of Heaviside functions. 


Since the ¢’ is in both terms there isn’t anything to do when we add in the Heaviside function. 
The only thing that gets added in is the sine term. Notice as well that the sine has been shifted by 
the proper amount. 


All we need to do now is to take the transform. 


A(s)=~ 
(s) 5 (4) 
24 de” 
SS +a 


[Return to Problems] 
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t ift <6 
-8+(t-6) ift>6 


(d) r0)=| 


Again, the first thing that we need to do is write the function in terms of Heaviside functions. 


f(t)=t+(-8-1+(r-6)')u (0) 


We had to add in a “-8” in the second term since that appears in the second part and we also had 
to subtract a ¢ in the second term since the ¢ in the first portion is no longer there. This subtraction 
of the ¢ adds a problem because the second function is no longer correctly shifted. This is easier 
to fix than the previous example however. 


Here is the corrected function. 
f (t)=t+(-8-(t-6+6)+(¢-6)" Ju, (0) 
t+(-8-(1-6)-6+(r-6)' Ju (¢) 


=1+(-14-(1-6)+(#-6)")u,(2) 


So, in the second term it looks like we are shifting 
g(t)=f -t-14 


The transform is then, 


[Return to Problems] 


Without the Heaviside function taking Laplace transforms is not a terribly difficult process 
provided we have our trusty table of transforms. However, with the advent of Heaviside 
functions, taking transforms can become a fairly messy process on occasion. 


So, let’s do some inverse Laplace transforms to see how they are done. 


Example 3 Find the inverse Laplace transform of each of the following. 


ses 


(a) H CRE CE) [Solution] 
() (9) eas) [Solution 
(c) Oe rai eren [Solution] 
on o() ee [Solution 
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Solution 

All of these will use (3) somewhere in the process. Notice that in order to use this formula the 
exponential doesn’t really enter into the mix until the very end. The vast majority of the process 
is finding the inverse transform of the stuff without the exponential. 


In these problems we are not going to go into detail on many of the inverse transforms. If you 
need a refresher on some of the basics of inverse transforms go back and take a look at the 
previous section. 


se’ 


© HOG aoa) 


In light of the comments above let’s first rewrite the transform in the following way. 


H(s) aaa OO 


Now, this problem really comes down to needing f(t). So, let’s do that. We’ll need to partial 
fraction F(s) up. Here’s the partial fraction decomposition. 


F(s)=-—4_4 8 


= + 
3s+2 s-2 


Setting numerators equal gives, 


s=A(s—2)+B(3s+2) 


We’ll find the constants here by selecting values of s. Doing this gives, 


g=2 2=8B => B=2 
ge 2a Ss Ae 
3 3 3 4 


So, the partial fraction decomposition becomes, 
il 1 
Fi(s\=> 
(s) 3(s+2) s—2 


Notice that we factored a 3 out of the denominator in order to actually do the inverse transform. 
The inverse transform of this is then, 


f(t)= aes +e" 


Now, let’s go back and do the actual problem. The original transform was, 
H(s)=e*F/(s) 


Note that we didn’t bother to plug in F(s). There really isn’t a reason to plug it back in. Let’s just 
use (3) to write down the inverse transform in terms of symbols. The inverse transform is, 
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h(t) =u, (t) f(t-4) 
where, f(t) is, 
1 » 1 
ast 
12 4 
This is all the farther that we’ll go with the answer. There really isn’t any reason to plug in f(t) at 
this point. It would make the function longer and definitely messier. We will give almost all of 


our answers to these types of inverse transforms in this form. 
[Return to Problems] 


-6S -lls 
5e” —3e 


(b) OAs = ast 49) 


This problem is not as difficult as it might at first appear to be. Because there are two 
exponentials we will need to deal with them separately eventually. Now, this might lead us to 
conclude that the best way to deal with this function is to split it up as follows, 


~e% 5 ells 3 
“t= (s+2)(s° +9) (s+2)(s° +9) 


Notice that we factored out the exponential, as we did in the last example, since we would need to 
do that eventually anyway. This is where a fairly common complication arises. Many people 
will call the first function F(s) and the second function H(s) and then partial fraction both of 
them. 


However, if instead of just factoring out the exponential we would also factor out the coefficient 
we would get, 
1 -lls 1 


(s+2)(s? +9) (s+2)(s?+9) 


G(s) =5e° 


Upon doing this we can see that the two functions are in fact the same function. The only 
difference is the constant that was in the numerator. So, the way that we'll do these problems is 
to first notice that both of the exponentials have only constants as coefficients. Instead of 
breaking things up then, we will simply factor out the whole numerator and get, 


1 
G _ Se —3e! ls _ Se” —3e 1's F 
(=| eray(stasy | Fs) 
and now we will just partial fraction F(s). 
Here is the partial fraction decomposition. 
iB (s) 7 A " Bs+C 
s+2 5749 


Setting numerators equal and combining gives us, 


1= A(s*+9)+(s+2)(Bs+C) 
=(A+B)s°+(2B+C)s+9A+2C 


© 2007 Paul Dawkins 209 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


Setting coefficient equal and solving gives, 


sx’: A+B=0 
1 1 2 
s: 2B+C=0 > A=—, B=-—, C=— 
13 BB 
s°:9A+2C =1 


Substituting back into the transform gives and fixing up the numerators as needed gives, 
1 1 —s+2 
F(s)= 7 
I3\st2 +9 
1 1 Ss 23 
ae, 7) a) 
iste so so 


As we did in the previous section we factored out the common denominator to make our work a 
little simpler. Taking the inverse transform then gives, 


oe a(e* ~c0s( 31) +2sin(3)] 


At this point we can go back and start thinking about the original problem. 
G(s)=(Se* —3e™) F(s) 
= Se °F (s)—3e'"F(s) 


We’ll also need to distribute the F(s) through as well in order to get the correct inverse transform. 
Recall that in order to use (3) to take the inverse transform you must have a single exponential 
times a single transform. This means that we must multiply the F(s) through the parenthesis. We 
can now take the inverse transform, 


g(t) =5u,(t) f (¢-6)—3u,, (¢) f (¢-11) 
where, 
r(t)= a[e* ~c0s( 31) +sin( 31) 


[Return to Problems] 


4st+e* 


(s-1)(s+2) 


In this case, unlike the previous part, we will need to break up the transform since one term has a 
constant in it and the other has an s. Note as well that we don’t consider the exponential in this, 
only its coefficient. Breaking up the transform gives, 


F(s)=-—>__+e* ____ __=G(s) +e“ H(s) 


(s-1)(s+2) (s—1)(s+2) 


We will need to partial fraction both of these terms up. We'll start with G(s). 


(c) F(s) = 
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Gea" 
s—-l g+2 


Setting numerators equal gives, 


4s = A(s+2)+B(s-1) 


Now, pick values of s to find the constants. 


s=-2 —-8=-3B = B=" 
4 
s=l 4=3A = A= = 
3 
So G(s) and its inverse transform is, 
aa 8 
G(s)=—+ +— 
(s) s-l s+2 
4,8. 
t)=—e'+—e 
a 


Now, repeat the process for H(s). 


ei eer 
s-l s+2 


Setting numerators equal gives, 


1= A(s+2)+B(s-1) 


Now, pick values of s to find the constants. 


Putting all of this together gives the following, 
F(s) - G(s) +e°H(s) 


f(t)=g(t)+u,(t)h(t-1) 


where, 
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[Return to Problems] 


35 +8e 7 —2se** +6e°7° 
d) G = 
@) (s) Cs (s + 3) 


This one looks messier than it actually is. Let’s first rearrange the numerator a little. 
s(3-2e**)+(8e° + 6e”) 
- ne (s + 3) 


G(s) 


In this form it looks like we can break this up into two pieces that will require partial fractions. 
When we break these up we should always try and break things up into as few pieces as possible 
for the partial fractioning. Doing this can save you a great deal of unnecessary work. Breaking 
up the transform as suggested above gives, 


G(s) =(3-2e~) 


s(s+3 s’(s+3) 


-(3-26")F(o)s(86™" 466”) H(6) 


+ (8e° +6e" ) 


Note that we canceled an s in F(s). You should always simplify as much a possible before doing 
the partial fractions. 


Let’s partial fraction up F(s) first. 
A B 
Pf (s) =—+ 
s s+3 


Setting numerators equal gives, 
1=A(s+3)+Bs 


Now, pick values of s to find the constants. 


So F(s) and its inverse transform is, 


Now partial fraction H(s). 
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Setting numerators equal gives, 
1= As(s+3)+B(s+3)+Cs° 


Pick values of s to find the constants. 


s=-3 1=9C + cul 
9 
1 

13 1 

s=l1 RAO SATS > er 


Now, let’s go back to the original problem, remembering to multiply the transform through the 
parenthesis. 


G(s) S 3F(s) —2e °F (s)+8e°"H (s)+6e *H(s) 


Taking the inverse transform gives, 
g(t)=3f (t)—2u, (t) f (t-3) + 8u, (t) A(t —20) + 6u, (t)h(t-7) 


[Return to Problems| 


So, as this example has shown, these can be a somewhat messy. However, the mess is really only 
that of notation and amount of work. The actual partial fraction work was identical to the 
previous sections work. The main difference in this section is we had to do more of it. As far as 
the inverse transform process goes. Again, the vast majority of that was identical to the previous 
section as well. 


So, don’t let the apparent messiness of these problems get you to decide that you can’t do them. 
Generally, they aren’t as bad as they seem initially. 
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Solving IVP’s with Laplace Transforms 


It’s now time to get back to differential equations. We’ve spent the last three sections learning 
how to take Laplace transforms and how to take inverse Laplace transforms. These are going to 
be invaluable skills for the next couple of sections so don’t forget what we learned there. 


Before proceeding into differential equations we will need one more formula. We will need to 
know how to take the Laplace transform of a derivative. First recall that /”” denotes the n”” 


derivative of the function f We now have the following fact. 


Fact 


Suppose that ff’, f’”,.../"” are all continuous functions and /” is a piecewise continuous 
function. Then, 


£{ f°] =s°F(s)-s"f (0)—sf (0) (0) £00 


Since we are going to be dealing with second order differential equations it will be convenient to 
have the Laplace transform of the first two derivatives. 


L{y'}=sY(s)—y(0) 
L{y"}=s°¥(s)—sy(0)-y'(0) 


Notice that the two function evaluations that appear in these formulas, y (0) and y’ (0) , are 


often what we’ve been using for initial condition in out IVP’s. So, this means that if we are to 
use these formulas to solve an IVP we will need initial conditions at ¢ = 0. 


While Laplace transforms are particularly useful for nonhomogeneous differential equations 
which have Heaviside functions in the forcing function we’ ll start off with a couple of fairly 
simple problems to illustrate how the process works. 


Example 1 Solve the following IVP. 


Solution 
The first step in using Laplace transforms to solve an IVP is to take the transform of every term in 
the differential equation. 


Lf{y"-10L{y'b+9L{y} = L{5t} 


Using the appropriate formulas from our table of Laplace transforms gives us the following. 


s°¥(s)—sy(0)—y'(0) 10(sY(s)-»(0))+9¥ (s) => 


Plug in the initial conditions and collect all the terms that have a Y(s) in them. 
> 
(s? -10s +9)Y¥(s)+s-12=— 
Ss 
Solve for Y(s). 
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5 12-s 


s*(s—9)(s—1) (s—9)(s-1) 


At this point it’s convenient to recall just what we’re trying to do. We are trying to find the 
solution, y(t), to an IVP. What we’ve managed to find at this point is not the solution, but its 
Laplace transform. So, in order to find the solution all that we need to do is to take the inverse 
transform. 


¥(s)= 


Before doing that let’s notice that in its present form we will have to do partial fractions twice. 
However, if we combine the two terms up we will only be doing partial fractions once. Not only 
that, but the denominator for the combined term will be identical to the denominator of the first 
term. This means that we are going to partial fraction up a term with that denominator no matter 
what so we might as well make the numerator slightly messier and then just partial fraction once. 


This is one of those things where we are apparently making the problem messier, but in the 
process we are going to save ourselves a fair amount of work! 


Combining the two terms gives, 
5+1257-s° 


s’(s—9)(s-1) 


The partial fraction decomposition for this transform is, 
Ay D 
Y(s)=—+ + + 
s gs s-9 s-—l 


Y¥(s)= 


Setting numerators equal gives, 


5412s? —s° = As(s—9)(s—-1)+ B(s—9)(s-1)+Cs’ (s-1)+ Ds? (s—9) 


Picking appropriate values of s and solving for the constants gives, 


s=0 S298 => B=? 
s=l 16 =-8D =. pe? 
s=9 248 = 648C = c=> 
s=2 een ee pieces! > fa 

81 81 


ee eer 2e' 
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That was a fair amount of work for a problem that probably could have been solved much quicker 
using the techniques from the previous chapter. The point of this problem however, was to show 
how we would use Laplace transforms to solve an IVP. 


There are a couple of things to note here about using Laplace transforms to solve an IVP. First, 
using Laplace transforms reduces a differential equation down to an algebra problem. In the case 
of the last example the algebra was probably more complicated than the straight forward 
approach from the last chapter. However, in later problems this will be reversed. The algebra, 
while still very messy, will often be easier than a straight forward approach. 


Second, unlike the approach in the last chapter, we did not need to first find a general solution, 
differentiate this, plug in the initial conditions and then solve for the constants to get the solution. 
With Laplace transforms, the initial conditions are applied during the first step and at the end we 
get the actual solution instead of a general solution. 


In many of the later problems Laplace transforms will make the problems significantly easier to 
work than if we had done the straight forward approach of the last chapter. Also, as we will see, 
there are some differential equations that simply can’t be done using the techniques from the last 
chapter and so, in those cases, Laplace transforms will be our only solution. 


Let’s take a look at another fairly simple problem. 


Example 2 Solve the following IVP. 
2y"+3y'-2y=te™, y(0)=0 y'(0)=-2 
Solution 


As with the first example, let’s first take the Laplace transform of all the terms in the differential 
equation. We’ll the plug in the initial conditions to get, 


2(s°¥(s)-sy(0)-y"(0))+3(sY(s)- ¥(0))-276)=— 
(2s? +3s-2)¥(s)+4= ae; 


Now solve for Y(s). 
1 4 


Y(s) =————_—__,.- 


(2s-1)(s+2) (2s-1)(s+2) 


Now, as we did in the last example we’ll go ahead and combine the two terms together as we will 
have to partial fraction up the first denominator anyway, so we may as well make the numerator a 
little more complex and just do a single partial fraction. This will give, 


ifsc 1-4(s+2) 
Ms) (2s-1)(s+2)' 
_ 4s? 165-15 


(2s—1)(s+2)’ 


The partial fraction decomposition is then, 
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A B C D 
¥(s)= ae _ =+ ; 
2s—-l s+2 (+2) (s+2) 


Setting numerator equal gives, 
4s? -16s—15 = A(s+2) +B(2s—1)(s+2) +C(2s-1)(s+2)+D(2s-1) 
=(A+2B)s° +(64+7B+2C)s°+(124+4B+3C+2D)s 
+8A-4B-2C-D 


In this case it’s probably easier to just set coefficients equal and solve the resulting system of 
equation rather than pick values of s. So, here is the system and its solution. 


Cee A+2B=0 192 96 
8: 6A+7B+2C =-4 ” A=~t95 Bis 
s':12A+4B+4+3C+2D =-16 a a; oe 
s°: 84-4B-2C-D=-15 25 5 


We will get a common denominator of 125 on all these coefficients and factor that out when we 
go to plug them back into the transform. Doing this gives, 


1 { -192 96 10 254 
Y(s)= + 2 55 
125| 2(s—4) s+2 (s+2) (s+2) 


Notice that we also had to factor a 2 out of the denominator of the first term and fix up the 
numerator of the last term in order to get them to match up to the correct entries in our table of 
transforms. 


Taking the inverse transform then gives, 


y(t)=—+| -96e! + 96e7" —101e7 2 e™ 
125 5 


Example 3 Solve the following IVP. 
y"—6y'+15y =2sin(3¢), y(0)=-1 y(0)=-4 


Solution 
Take the Laplace transform of everything and plug in the initial conditions. 


#Y(s)=sy(0)-y'(0)-6(s¥(s)-(0))+15¥ (s)=245 
6 


s° +9 


(s? -6s +15)¥(s)+s-2= 


Now solve for Y(s) and combine into a single term as we did in the previous two examples. 
—s° +2s°-95+24 
MW) ae 
(s +9)(s —6s +15) 
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Now, do the partial fractions on this. First let’s get the partial fraction decomposition. 
As+B Cs+D 
Y(s)= 


+ 
s+9 5° 65415 


Now, setting numerators equal gives, 
-s* + 2s” -95 +24 =(As+B)(s’-6s+15)+(Cs+D)(s” +9) 


=(A+C)s° +(-64+B+D)s* +(154—-6B+9C)s+15B+9D 


Setting coefficients equal and solving for the constants gives, 


ars A+C=-l 1 1 
2 A=— B=— 
s°: —64+B8+D=2 es 10 10 
Ts, a anf 

s':154-6B+9C =-9 call peel 
ae 15B+9D =24 10 vi 


Now, plug these into the decomposition, complete the square on the denominator of the second 
term and then fix up the numerators for the inverse transform process. 


“(35 wes | 


ge) ees er 

Oe lstes =a 
—1{ stl , ZIMs=3+3)+25 
~10(8°+9 (5-3) +6 


{ s , 1 M(s-3) 8 


~ 10 +9 5? +9 (s—3) +6 (s—3) +6 


Finally, take the inverse transform. 


y(t)= plo) + sin(31) —lle* cos(/6r) ze" sin( vi) 


To this point we’ve only looked at IVP’s in which the initial values were at t = 0. This is because 
we need the initial values to be at this point in order to take the Laplace transform of the 
derivatives. The problem with all of this is that there are IVP’s out there in the world that have 
initial values at places other than ¢ = 0. Laplace transforms would not be as useful as it is if we 
couldn’t use it on these types of IVP’s. So, we need to take a look at an example in which the 
initial conditions are not at ¢ = 0 in order to see how to handle these kinds of problems. 


Example 4 Solve the following IVP. 
y"+4y' =cos(t-3)+4t, y(3)=0 y'(3)=7 
Solution 
The first thing that we will need to do here is to take care of the fact that initial conditions are not 


at t= 0. The only way that we can take the Laplace transform of the derivatives is to have the 
initial conditions at ¢ = 0. 


This means that we will need to formulate the IVP in such a way that the initial conditions are at ¢ 
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= 0. This is actually fairly simple to do, however we will need to do a change of variable to make 
it work. We are going to define 


Let’s start with the original differential equation. 
y"(t)+4y’'(t) =cos(t-3)+4¢ 


Notice that we put in the (¢) part on the derivatives to make sure that we get things correct here. 
We will next substitute in for ¢. 


y"(7+3)+4y'(4 +3) =cos(7)+4(7 +3) 


Now, to simplify life a little let’s define, 
u(n)=y(7+3) 


Then, by the chain rule, we get the following for the first derivative. 


u' (9) =— : y'(7+3) 


By a similar argument we get the following for the second derivative. 
u"(7) - y"(n +3) 


The initial conditions for u(7) are, 


The IVP under these new variables is then, 


u" +4u' =cos(7) +47 +12, u(0)=0 u'(0)=7 


This is an IVP that we can use Laplace transforms on provided we replace all the t’s in our table 
with 77’s. So, taking the Laplace transform of this new differential equation and plugging in the 
new initial conditions gives, 


4 12 
?U(s)—su(0)—u'(0)+4(sU(s)—u(0))=— 
U (5) -su(0)-w (0) +4(s(s)-u(0))= 24 444 
2 _ & 4+12s 
(s +4s)U(s) tag 2 


Solving for U(s) gives, 
s 44125+7s° 
2 z= 2 
s+] Ss 
1 44+125+7s? 


(s° +4s)U(s) = 


Note that unlike the previous examples we did not completely combine all the terms this time. In 
all the previous examples we did this because the denominator of one of the terms was the 
common denominator for all the terms. Therefore, upon combining, all we did was make the 
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numerator a little messier, and reduced the number of partial fractions required down from two to 
one. Note that all the terms in this transform that had only powers of s in the denominator were 
combined for exactly this reason. 


In this transform however, if we combined both of the remaining terms into a single term we 
would be left with a fairly involved partial fraction problem. Therefore, in this case, it would 
probably be easier to just do partial fractions twice. We’ve done several partial fractions 
problems in this section and many partial fraction problems in the previous couple of sections so 
we’re going to leave the details of the partial fractioning to you to check. Partial fractioning each 
of the terms in our transform gives us the following. 


1 a, 1 (4) 
(s+4)(s?+1) s+4 17.5741 
oo Ce ae es ae 

3 oa 2 
Ky (s+4) Ss ss 


Plugging these into our transform and combining like terms gives us 


iii, . i * 230 sacl 
U(s)= 4 ee iD rif 4) 


sos s st4 17\ 8741 


j2 dt 8 273 1 = 4 
_ 214 4 416 272. f 


so oy S Sea AT ke aL al 


Now, taking the inverse transform will give the solution to our new IVP. Don’t forget to use 77’s 
instead of t’s! 
, Ii 17 273 i 1 


i peas) ee as Hi Ege : = 
ulna Pattee 575 +75 (4sin(7) cos(7)) 


This is not the solution that we are after of course. We are after y(t). However, we can get this 
by noticing that 


y(t)=y(7+3)=u(7)=u(t-3) 


So the solution to the original IVP is, 


1,374,573), 17 23 ea, tg (¢_3)_ cos (¢_ 
ye)HeU 3) sara Ear ad +75 (4sin(# 3)—cos(t 3)) 
ilk I, ASOT te hg ete ht ote 
Wee ry ie oe +75 (4sin(# 3)—cos(t 3)) 


So, we can now do IVP’s that don’t have initial conditions that are at t = 0. We also saw in the 
last example that it isn’t always the best to combine all the terms into a single partial fraction 
problem as we have been doing prior to this example. 


The examples worked in this section would have been just as easy, if not easier, if we had used 


techniques from the previous chapter. They were worked here using Laplace transforms to 
illustrate the technique and method. 
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Nonconstant Coefficient IVP’s 


In this section we are going to see how Laplace transforms can be used to solve some differential 
equations that do not have constant coefficients. This is not always an easy thing to do. 
However, there are some simple cases that can be done. 


To do this we will need a quick fact. 


Fact 

If f(t) is a piecewise continuous function on|0, <0) of exponential order then, 
lim F(s)=0 (1) 
so 


A function f(t) is said to be of exponential order @ if there exists positive constants T and M such 
that 


|f (t)|< Me*" for all t>T 


Put in other words, a function that is of exponential order will grow no faster than 
Me 
for some M and @ and all sufficiently large ¢t. One way to check whether a function is of 


exponential order or not is to compute the following limit. 


lim £(0| 


ton e@ 


If this limit is finite for some @ then the function will be of exponential order a. Likewise, if the 
limit is infinite for every @ then the function is not of exponential order. 


Almost all of the functions that you are liable to deal with in a first course in differential 
equations are of exponential order. A good example of a function that is not of exponential order 
iS 


f(t)=e 


We can check this by computing the above limit. 


p 


. e 5. oye: 
lim — = lime’ 
t>00 e@ t>00 t00 


at = 
This is true for any value of @ and so the function is not of exponential order. 


Do not worry too much about this exponential order stuff. This fact is occasionally needed in 
using Laplace transforms with non constant coefficients. 


So, let’s take a look at an example. 
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Example 1 Solve the following IVP. 
y" +3ty’-6y =2, y(0)=0 y'(0)=0 


Solution 
So, for this one we will need to recall that #30 in our table of Laplace transforms tells us that, 


£{y'}=-£(c{y}) 


ds 


So, upon taking the Laplace transforms of everything and plugging in the initial conditions we 
get, 


s°¥(s)—sy(0)-»'(0)+3(-s¥"(s)-¥(s))-6¥ (s) == 


Unlike the examples in the previous section where we ended up with a transform for the solution, 
here we get a linear first order differential equation that must be solved in order to get a transform 
for the solution. 


The integrating factor for this differential equation is, 


H (s) = elle 7 ons = eee 


Multiplying through, integrating and solving for Y(s) gives, 


2 2 
se °Y(s)=2e S +c 
g2 
2 e® 
¥(s)=S +c 2 


Now, we have a transform for the solution. However that second term looks unlike anything 
we’ve seen to this point. This is where the fact about the transforms of exponential order 
functions comes into play. We are going to assume that whatever our solution is, it is of 
exponential order. This means that 

2. 
ef ee ee 
him} + — 
so Ss Ss 


=0 
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The first term does go to zero in the limit. The second term however, will only go to zero if c = 
0. Therefore, we must have c = 0 in order for this to be the transform of our solution. 


So, the transform of our solution, as well as the solution is, 


¥(s)=5 y(t)=P 


I'll leave it to you to verify that this is in fact a solution if you’d like to. 


Now, not all nonconstant differential equations need to use (1). So, let’s take a look at one more 
example. 


Example 2 Solve the following IVP. 

ty"-ty'+y=2, y(0)=2 y'(0)=-4 
Solution 
From the first example we have, 


L{ty'} = -sY'(s)—Y(s) 


We’ll also need, 


=-£(s°¥(s)=sy(0)-»'(0)) 


=—s°Y'(s)—2sY(s)+y(0) 


Taking the Laplace transform of everything and plugging in the initial conditions gives, 


-s°¥'(s)=2sY (s) +»(0)-(-s¥"(s)-¥(s)) +¥(s)== 


(s—s*)¥"(s)+(2-28)¥(s)+2== 
s(I-8)¥"(s) +2(1-8)(s) = 2 ’) 
"(s)+=¥(s)=5 


Once again we have a linear first order differential equation that we must solve in order to get a 
transform for the solution. Notice as well that we never used the second initial condition in this 
work. That is okay, we will use it eventually. 


Since this linear differential equation is much easier to solve compared to the first one, we'll 
leave the details to you. Upon solving the differential equation we get, 
oC 
Y (s) =—-+— 


2 
SS 
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Now, this transform goes to zero for all values of c and we can take the inverse transform of the 
second term. Therefore, we won’t need to use (1) to get rid of the second term as did in the 
previous example. 


Taking the inverse transform gives, 
y(t)=2+et 


Now, is where we will use the second initial condition. Upon differentiating and plugging in the 
second initial condition we can see that c = -4. 


So, the solution to this IVP is, 
y(t)=2-4¢ 


So, we’ve seen how to use Laplace transforms to solve some nonconstant coefficient differential 
equations. Notice however that all we did was add in an occasional ¢ to the coefficients. We 
couldn’t get too complicated with the coefficients. If we had we would not have been able to 
easily use Laplace transforms to solve them. 


Sometimes Laplace transforms can be used to solve nonconstant differential equations, however, 
in general, nonconstant differential equations are still very difficult to solve. 


© 2007 Paul Dawkins 224 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


IVP’s With Step Functions 


In this section we will use Laplace transforms to solve [VP’s which contain Heaviside functions 
in the forcing function. This is where Laplace transform really starts to come into its own as a 
solution method. 


To work these problems we’ll just need to remember the following two formulas, 
Liu,(t)f (t-c)}=eF(s) where F(s)=L{f(t)} 
je {e“F(s)} =u,(t) f(t-c) where f(t) = £7 {F(s)} 


In other words, we will always need to remember that in order to take the transform of a function 
that involves a Heaviside we’ve got to make sure the function has been properly shifted. 


Let’s work an example. 


Example 1 Solve the following IVP. 
y"—-y'+5y=4+4u,(t)e™, y(0)=2 y'(0)=-1 
Solution 


First let’s rewrite the forcing function to make sure that it’s being shifted correctly and to identify 
the function that is actually being shifted. 


y -y't+5y=44+u, (tye) 


So, it is being shifted correctly and the function that is being shifted is e~’. Taking the Laplace 
transform of everything and plugging in the initial conditions gives, 


4 e?’ 
oa 0)-y'(0)-(s¥(s)—y(0))+5Y(s) =—+— 
s°¥(s)-sy(0)-y"(0)-(s¥(s)-»(0))+5¥(s)=4 + 

2s 
(s?-s+5)¥(s)-2s+3="4 : 
s s+2 
Now solve for Y(s). 
Fi A e? 
(s°-s +5)¥(s)=—+—— + 28-3 
s s+2 
2 2s 
(s?-5+5)¥(s)=— meses, e 
Ss st+2 
_ 2s°-38+4 5, 1 


a) s(s? -s+5) = (s+2)(s° -s+5) 
Y(s)=F(s)+e”G(s) 


Notice that we combined a couple of terms to simplify things a little. Now we need to partial 
fraction F(s) and G(s). We’ll leave it to you to check the details of the partial fractions. 
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a Lo a 
s s’—st5 


OY (Fess) 6 


1 1 1 s—3 
G a OOOO SO =— 
(s) (s+2)(s?-s+5) (4 “+, 


We now need to do the inverse transforms on each of these. We’ll start with F(s). 


oe eo 


s  (s-4) +8 


Now G(s). 


Okay, we can now get the solution to the differential equation. Starting with the transform we 
get, 

Y(s)=F(s)+e”G(s) 

y(t)= F(t) +m (dg (t-2) 


where f(t) and g(t) are the functions shown above. 


There is can be a fair amount of work involved in solving differential equations that involve 
Heaviside functions. 


Let’s take a look at another example or two. 
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Example 2 Solve the following IVP. 
y"—y' =cos(2t)+cos(2t-12)u,(t) y(0)=-4, y'(0)=0 
Solution 


Let’s rewrite the differential equation so we can identify the function that is actually being 
shifted. 


y"—y' =cos(2r)+ cos(2( - 6)) ug (t) 


So, the function that is being shifted is cos (2) and it is being shifted correctly. Taking the 
Laplace transform of everything and plugging in the initial conditions gives, 


s°¥(s)—sy(0)—y'(0) (s7(s)-»(0)) = +2 


65 
Ss se 


+ 
s’+4 5° +4 


(s° —s)¥(s)+4s 4= 
Now solve for Y(s). 
—6s 
‘ -s)¥(s) a ee asad 


2 


s +4 
7 s(l+e*) ee 
Cee) s(s-1) 
meee cc eee 
(s-1)(s* +4) Ss 


Y(s)=(I¥e")F(s)-= 


Notice that we combined the first two terms to simplify things a little. Also there was some 
canceling going on in this one. Do not expect that to happen on a regular basis. We now need to 
partial fraction F(s). We’ll leave the details to you to check. 


sO ear Cece 
f(t)= AG —cos(2r) -5sin(20) 


Okay, we can now get the solution to the differential equation. Starting with the transform we 
get, 


Y(s) =F(s)+F(s)e™ — 
y(t)=f (t)+u,(t) f(t-6)-4 


where f(t) is given above. 
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Example 3 Solve the following IVP. 
y"-Sy'-14y =9+u,(t)+4(t-l)u,(¢t) —_-y(0) =0, y'(0) =10 
Solution 
Let’s take the Laplace transform of everything and note that in the third term we are shifting 4+. 


PY (s)—s9(0)—y'(0)-5(s¥(s)-v(0)) “149 (s) = 2+ 4 


s 
9+e° Je 
>_5s—14)Y 10= 4 
(s s ) (s) : + z 
Now solve for Y(s). 
9+e* e° 
*_55—14)Y¥ 10= 4 
(s S ) (s) : + 2 
9+e° 4e™ 10 
(s)= + 


)*5(s—7)(s+2)_ s°(s—7)(s+2) (s—7)(s+2) 
Y(s)= (9+e*)F(s) +4e°G(s)+H(s) 
So, we have three functions that we’ll need to partial fraction for this problem. I'll leave it to you 


to check the details. 


ee 
s(s—7)(s+2) 14s 63s-7 18s+2 


ee es ee 
UNO age age 
Pe ae ee ee ee Oe 


ae | Licey Ty 
t)= t+ e e 
Origa ta a ae 
10 10 1 10 1 


Okay, we can now get the solution to the differential equation. Starting with the transform we 
get, 


Y(s) =9F(s)+e °F (s)+4e°G(s)+H(s) 


y(t) =9f (t)+u, (¢) f (t-3)+4u, (t)g(t-1) +A(t) 
where f(t), g(t) and A(t) are given above. 


Let’s work one more example. 


Example 4 Solve the following IVP. 
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y'+3y'+2y=(t), y(0)=0  y'(0)=-2 
where, 
2 t<6 
g(t)=4t 6<t<10 
4 t=10 
Solution 


The first step is to get g(t) written in terms of Heaviside functions so that we can take the 
transform. 
g(t)=2+(t-2)u,(t)+(4-2) u(t) 


Now, while this is g(t) written in terms of Heaviside functions it is not yet in proper form for us to 
take the transform. Remember that each function must be shifted by a proper amount. So, 
getting things set up for the proper shifts gives us, 


g(t)=2+(t-6+6-2)u,(t)+(4—(t-10+10))z,, (t) 
g(t) =2+(t-6+4)u,(t)+(—6-(¢-10))u,, (t) 


So, for the first Heaviside it looks like f (t) =t+4 is the function that is being shifted and for 
the second Heaviside it looks like f (t) =—6—t is being shifted. 


Now take the Laplace transform of everything and plug in the initial conditions. 


=°¥(s)-s9(0)-y'(0)+3(s¥(5)-9(0))+27(8)=2+0*{ 5+ 4)-em [445] 


Ss ss 
1 
(se +39+2)¥(s)+2=2+e% [=r+4)-e™ [=+) 
Ss ss Ss Ss 
Solve for Y(s). 
1 
(s° +35+2)7(6)=24e*( : 4) al ; S| 2 
Ss ss ss 
6s —-10s —6s —-10s 
(Cee eG el ee 
Ss Ss 
e 2 a de® = 6e 1° e° Se 2 


(s)= s(s4)(s+2) "3 (s+i)(s+2) (s+1)(s+2) 


Y(s)=(2+4e -6e""")F(s)+(e -e" )G(s)-H(s) 


Now, in the solving process we simplified things into as few terms as possible. Even doing this, 
it looks like we’ Il still need to do three partial fractions. 


I'll leave the details of the partial fractioning to you to verify. The partial fraction form and 
inverse transform of each of these are. 
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1 in 1 1 
F = = 2 2 
(s) s(s+1)(s+2) KY el 
f(t)=s-e +oe" 
1 BOL 1 1 
G = ta 4 
(s) s’(s+1)(s+2) Soe ated! 29 


g(t)= -S Sree" -te 


2: 7 2 2. 
(s+1)(s+2) stl gs+2 


h(t) =2e' -2e 


H(s)= 


Putting this all back together is going to be a little messy. First rewrite the transform a little to 
make the inverse transform process possible. 


Y(s) = 2F(s)+e” (4F (s)+G(s))-e (6F(s)+G(s))-A(s) 


Now, taking the inverse transform of all the pieces gives us the final solution to the IVP. 
y(t)=2f (t)-h(t)+u,(t)(4f (t-6) + g(t-6))—m9 (t)(6f (¢-10) + g(t-10)) 
where f(t), g(t), and h(t) are defined above. 


So, the answer to this example is a little messy to write down, but overall the work here wasn’t 
too terribly bad. 


Before proceeding with the next section let’s see how we would have had to solve this IVP if we 
hadn’t had Laplace transforms. To solve this [VP we would have had to solve three separate 
IVP’s. One for each portion of g(t). Here is a list of the [VP’s that we would have had to solve. 


1. O0<t<6 
y'+3y'+2y=2, y(0)=0  y'(0)=-2 
The solution to this IVP, with some work, can be made to look like, 


¥(1)=2F(1)-A(Y) 


2. 6<t<10 
y'+3y'+2y=t, y(6)=y,(6) y"(6)=y,(6) 
where, y(t) is the solution to the first (VP. The solution to this IVP, with some work, can 
be made to look like, 


y(t) =2f (t)-A(t)+4f (t-6)+ g(t-6) 


3. ¢210 
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y'+3y'4+2y =4, y(10) = y, (10) y’ (10) = y; (10) 
where, y2(t) is the solution to the second IVP. The solution to this IVP, with some work, 
can be made to look like, 


y;(t)=2f (t)-h(t)+4f (t-6)+ g(t-6)-6 f (t-10)- g(t-10) 


There is a considerable amount of work required to solve all three of these and in each of these 
the forcing function is not that complicated. Using Laplace transforms saved us a fair amount of 
work. 
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Dirac Delta Function 


When we first introduced Heaviside functions we noted that we could think of them as switches 
changing the forcing function, g(t), at specified times. However, Heaviside functions are really 
not suited to forcing functions that exert a “large” force over a “small” time frame. 


Examples of this kind of forcing function would be a hammer striking an object or a short in an 
electrical system. In both of these cases a large force (or voltage) would be exerted on the system 
over a very short time frame. The Dirac Delta function is used to deal with these kinds of forcing 
functions. 


Dirac Delta Function 

There are many ways to actually define the Dirac Delta function. To see some of these 
definitions visit Wolframs MathWorld. There are three main properties of the Dirac Delta 
function that we need to be aware of. These are, 


1. 6(t—a)=0, t#a 


om [io 8(t-a)dt=1, E>0 


3. [" £()d(t-a)de= f(a), >0 


At t=a the Dirac Delta function is sometimes thought of has having an “infinite” value. So, the 
Dirac Delta function is a function that is zero everywhere except one point and at that point it can 
be thought of as either undefined or as having an “infinite” value. 


Note that the integrals in the second and third property are actually true for any interval 
containing ¢ = a, provided it’s not one of the endpoints. The limits given here are needed to 
prove the properties and so they are also given in the properties. We will however use the fact 
that they are true provided we are integrating over an interval containing t=a. 


This is a very strange function. It is zero everywhere except one point and yet the integral of any 
interval containing that one point has a value of 1. The Dirac Delta function is not a real function 
as we think of them. It is instead an example of something called a generalized function or 
distribution. 


Despite the strangeness of this “function” it does a very nice job of modeling sudden shocks or 
large forces to a system. 


Before solving an IVP we will need the transform of the Dirac Delta function. We can use the 
third property above to get this. 


£{5(t-a)}=["e"5(t-a)dt=e** provided a > 0 


Note that often the second and third properties are given with limits of infinity and negative 
infinity, but they are valid for any interval in which ¢ = a is in the interior of the interval. 
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With this we can now solve an IVP that involves a Dirac Delta function. 


Example 1 Solve the following IVP. 
y"+2y'-15y =66(t-9), y(0)=-5  y'(0)=7 


Solution 
As with all previous problems we’|] first take the Laplace transform of everything in the 
differential equation and apply the initial conditions. 


s*Y (s)—sy(0)—y'(0)+2(s¥(s)—y(0))-15¥(s)=6e* 
(s?+2s-15)¥(s)+5s+3=60e 
Now solve for Y(s). 
= be” 55 +3 
EC)" GG) (s+5)(s—3) 


= 6e  F(s) -G(s) 


We’ll leave it to you to verify the partial fractions and their inverse transforms are, 
1 
Fs) ~ 6S) 7 a re 
f(t)=oe -= | 
a i 


g(t)=Te" +e" 


The solution is then, 
Y(s) = 6e *F(s) -G(s) 
y(t) = 6u, (¢) f(t-9)—8 (2) 
where, f(t) and g(t) are defined above. 


Example 2 Solve the following IVP. 
2y"+10y = 3u,, (t)—55(t-4), y(0)=-1 y'(0)=-2 

Solution 

Take the Laplace transform of everything in the differential equation and apply the initial 

conditions. 

3e” 


2(s°Y(s)—sy(0)—y'(0))+10¥ (s) =——-- Se 


-12s 
= Se 


(2s? +10)¥(s)+28+4=7* 
Ss 


Now solve for Y(s). 
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¥(s)= 3e 78 5e* 25+4 
~ s(2s? +10) 257410 257 +10 


=3e °F (s) - Se *G(s) —H (s) 


We'll need to partial fraction the first function. The remaining two will just need a little work 
and they’Il be ready. [ll leave the details to you to check. 


1 11 1 = ss 
F = = 
(s) s(2s? +10) 10s 105745 


f(t) == cos(v5t) 
g(t) nasal 
ses Zin 


The solution is then, 


Y(s) =3e '*F(s)—Se *G(s)—H/(s) 


y(t) =3u, (t) f (t-12)—5u, (t) g(t-4)-A(t) 
where, f(t),2(t) and h(t) are defined above. 


So, with the exception of the new function these work the same way that all the problems that 
we’ ve seen to this point work. Note as well that the exponential was introduced into the 
transform by the Dirac Delta function, but once in the transform it doesn’t matter where it came 
from. In other words, when we went to the inverse transforms it came back out as a Heaviside 
function. 


Before proceeding to the next section let’s take a quick side trip and note that we can relate the 
Heaviside function and the Dirac Delta function. Start with the following integral. 


t 0 ift<a 
} 5(u-a)au=| ; 
0 1 ift>a 


However, this is precisely the definition of the Heaviside function. So, 


[_.o(u-a) du =u, (t) 


Now, recalling the Fundamental Theorem of Calculus, we get, 
Hs “(fou ~a)du) = 6 (ta) 


So, the derivative of the Heaviside function is the Dirac Delta function. 
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Convolution Integrals 


On occasion we will run across transforms of the form, 

H(s)=F(s)G(s) 
that can’t be dealt with easily using partial fractions. We would like a way to take the inverse 
transform of such a transform. We can use a convolution integral to do this. 


Convolution Integral 


If f(t) and g(t) are piecewise continuous function on|0, <0) then the convolution integral of f(t) 
and g(t) is, 


(fee)(t)=[\F(t-2)e(2)ar 


A nice property of convolution integrals is. 


Or, 
[fee (e)ar=f's(e)e(t-e)ae 


The following fact will allow us to take the inverse transforms of a product of transforms. 


Fact 


Lif *g}=F(s)G(s) £°{F(s)G(s)}=(F*8)(2) 


Let’s work a quick example to see how this can be used. 


Example 1 Use a convolution integral to find the inverse transform of the following transform. 
1 
H(s)=—— 
(s° +a") 
Solution 


First note that we could use #11 from out table to do this one so that will be a nice check against 
our work here. 


Now, since we are going to use a convolution integral here we will need to write it as a product 
whose terms are easy to find the inverse transforms of. This is easy to do in this case. 


n(n 


So, in this case we have, 


Using a convolution integral h(t) is, 
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h(t)=(f*8)(¢) 


=f’ sin(at—ar)sin(ar)dr 
a 


= = s(sin(at) —at cos(at)) 


This is exactly what we would have gotten by using #11 from the table. 


Convolution integrals are very useful in the following kinds of problems. 


Example 2 Solve the following IVP 

4y"+y=g(t), y(0)=3 y'(0)=-7 
Solution 
First, notice that the forcing function in this case has not been specified. Prior to this section we 
would not have been able to get a solution to this IVP. With convolution integrals we will be able 
to get a solution to this kind of IVP. The solution will be in terms of g(t) but it will be a solution. 


Take the Laplace transform of all the terms and plug in the initial conditions. 
4(s°Y(s) —sy(0) —y'(0)) +Y(s)=G(s) 
(4° +1)¥(s)-128+28 = G(s) 


Notice here that all we could do for the forcing function was to write down G(s) for its transform. 
Now, solve for Y(s). 


(4° +1)¥(s)=G(s)+12s-28 
125-28 " G s) 
4(s? +4) 4(s +4) 


We factored out a 4 from the denominator in preparation for the inverse transform process. To 
take inverse transforms we’ |] need to split up the first term and we’ll also rewrite the second term 
a little. 
_ 125-28 | G(s) 
4(s° +4) 4(s° +4) 
2 
38 7 a 


1 
= = +—G(s 
sti g?41 4 ya 


Y(s) 


2 
2 


Now, the first two terms are easy to inverse transform. We’ll need to use a convolution integral 
on the last term. The two functions that we will be using are, 


e(t) f= asin(£) 


We can shift either of the two functions in the convolution integral. We’ll shift g(f) in our 
solution. Taking the inverse transform gives us, 


y(t)= seos{ £) -asin( $]+2f sin{ Z)e(0—e) a 
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So, once we decide on a g(t) all we need to do is to an integral and we’ll have the solution. 


As this last example has shown, using convolution integrals will allow us to solve IVP’s with 
general forcing functions. This could be very convenient in cases where we have a variety of 
possible forcing functions and don’t know which one we’re going to use. With a convolution 
integral all that we need to do in these cases is solve the IVP once then go back and evaluate an 
integral for each possible g(t). This will save us the work of having to solve the IVP for each and 


every g(t). 
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Table of Laplace Transforms 


F(s)=L£{F(} 


f(=L£"{F(s)} 


sin (at) — at cos(at) 
cos(at)—atsin (at) 
sin (at +b) 

sinh (at) 

e” sin(bt) 

e“ sinh (bt) 


Pes Ral ae 


Uu. (t)=u(t-c) 


Heaviside Function 
u,(t) f(t-c) 
e (t) 


1 
fF) 


[,f(t-2)g(2)dz 


f(t) 
7? (t) 


© 2007 Paul Dawkins 


ssin(b)+acos(b) 


2a° 
(s° +a’) 
s (s° - a’) 


2 
(s° +a’) 


sin (at) + at cos(at) 
cos(at)+ at sin (at) 
cos(at +b) 

cosh (at) 

e” cos(br) 

e” cosh (bt) 


f (ct) 


ro) (¢ - c) 
Dirac Delta Function 


u.(t)g(¢) 


fF (2)a: 1 2 iss 


I, f (v)dv 


(s° +a’) 
s(s° +3a°) 
(s° +a’) 


s cos(b)—asin(b) 


e“L{g (¢ + c)} 
(-1)' Fs) 
F(s) 
fe" sat 


l-e* 


s°F (s)—sf (0)—f"(0) 


s"F(s)-s"" (0)—s"? f'(0)---—sf" (0) — © (0) 
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Table Notes 


1. This list is not a complete listing of Laplace transforms and only contains some of the 
more commonly used Laplace transforms and formulas. 


2. Recall the definition of hyperbolic functions. 
e+e" ; e 
cosh(t) = 5 sinh (t) = 


3. Be careful when using “normal” trig function vs. hyperbolic functions. The only 
difference in the formulas is the “+ a”” for the “normal” trig functions becomes a “- a”” 
for the hyperbolic functions! 


4. Formula #4 uses the Gamma function which is defined as 
_ ey tl 
r(@)= } oe: dx 
If n is a positive integer then, 


T(n+1)=n! 


The Gamma function is an extension of the normal factorial function. Here are a couple 
of quick facts for the Gamma function 


T(p+1)=pI(p) 
['(p+n) 
T(p) 


P(ptl)(p+2)---(ptn 1)= 
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Systems of Differential Equations 


Introduction 


To this point we’ve only looked at solving single differential equations. However, many “real 
life” situations are governed by a system of differential equations. Consider the population 
problems that we looked at back in the modeling section of the first order differential equations 
chapter. In these problems we looked only at a population of one species, yet the problem also 
contained some information about predators of the species. We assumed that any predation 
would be constant in these cases. However, in most cases the level of predation would also be 
dependent upon the population of the predator. So, to be more realistic we should also have a 
second differential equation that would give the population of the predators. Also note that the 
population of the predator would be, in some way, dependent upon the population of the prey as 
well. In other words, we would need to know something about one population to find the other 
population. So to find the population of either the prey or the predator we would need to solve a 
system of at least two differential equations. 


The next topic of discussion is then how to solve systems of differential equations. However, 
before doing this we will first need to do a quick review of Linear Algebra. Much of what we 
will be doing in this chapter will be dependent upon topics from linear algebra. This review is 
not intended to completely teach you the subject of linear algebra, as that is a topic for a complete 
class. The quick review is intended to get you familiar enough with some of the basic topics that 
you will be able to do the work required once we get around to solving systems of differential 
equations. 


Here is a brief listing of the topics covered in this chapter. 


Review : Systems of Equations — The traditional starting point for a linear algebra class. 
We will use linear algebra techniques to solve a system of equations. 


Review : Matrices and Vectors — A brief introduction to matrices and vectors. We will 
look at arithmetic involving matrices and vectors, inverse of a matrix, determinant of a 


matrix, linearly independent vectors and systems of equations revisited. 


Review : Eigenvalues and Eigenvectors — Finding the eigenvalues and eigenvectors of a 
matrix. This topic will be key to solving systems of differential equations. 


Systems of Differential Equations — Here we will look at some of the basics of systems 
of differential equations. 


Solutions to Systems — We will take a look at what is involved in solving a system of 
differential equations. 


Phase Plane — A brief introduction to the phase plane and phase portraits. 


Real Eigenvalues — Solving systems of differential equations with real eigenvalues. 
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Complex Eigenvalues — Solving systems of differential equations with complex 
eigenvalues. 


Repeated Eigenvalues — Solving systems of differential equations with repeated 
eigenvalues. 


Nonhomogeneous Systems — Solving nonhomogeneous systems of differential equations 
using undetermined coefficients and variation of parameters. 


Laplace Transforms — A very brief look at how Laplace transforms can be used to solve 
a system of differential equations. 


Modeling — In this section we’ll take a quick look at some extensions of some of the 
modeling we did in previous chapters that lead to systems of equations. 
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Review : Systems of Equations 


Because we are going to be working almost exclusively with systems of equations in which the 
number of unknowns equals the number of equations we will restrict our review to these kinds of 
systems. 


All of what we will be doing here can be easily extended to systems with more unknowns than 
equations or more equations than unknowns if need be. 


Let’s start with the following system of 7 equations with the n unknowns, x), X2,..., Xn. 
Ay X, + ayyX, t+ +4,,X, = 5, 
Ay) X, +AgX, +:+++.4,,x, =D, 


(1) 


By X + AygX%y +++ 4,,X, =5 


n 


Note that in the subscripts on the coefficients in this system, aj, the i corresponds to the equation 
that the coefficient is in and the j corresponds to the unknown that is multiplied by the coefficient. 


To use linear algebra to solve this system we will first write down the augmented matrix for this 
system. An augmented matrix is really just all the coefficients of the system and the numbers for 
the right side of the system written in matrix form. Here is the augmented matrix for this system. 


&, A - A, 2B 
Ay, Ay ++ A, by 
any ano ae Qin b, 


To solve this system we will use elementary row operations (which we’ll define these in a bit) to 
rewrite the augmented matrix in triangular form. The matrix will be in triangular form if all the 
entries below the main diagonal (the diagonal containing a7, a22, ...,dnn) are Zeroes. 


Once this is done we can recall that each row in the augmented matrix corresponds to an 
equation. We will then convert our new augmented matrix back to equations and at this point 
solving the system will become very easy. 


Before working an example let’s first define the elementary row operations. There are three of 
them. 
1. Interchange two rows. This is exactly what it says. We will interchange row i with row 


j. The notation that we’ll use to denote this operation is: R; <> R, 
2. Multiply row i by a constant, c. This means that every entry in row i will get multiplied 
by the constant c. The notation for this operation is : cR, 


3. Adda multiple of rowi to rowj. In our heads we will multiply row 7 by an appropriate 
constant and then add the results to row j and put the new row back into row / leaving 


row i in the matrix unchanged. The notation for this operation is: cR, + R, 
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It’s always a little easier to understand these operations if we see them in action. So, let’s solve a 
couple of systems. 


Example 1 Solve the following system of equations. 
—2x, +X —X, =4 
xX, + 2x, +3x, =13 
3x, +x, =—1 
Solution 


The first step is to write down the augmented matrix for this system. Don’t forget that 
coefficients of terms that aren’t present are zero. 


—. 1 =-1 4 
1 2 3 13 
a2 @ 1 =! 


Now, we want the entries below the main diagonal to be zero. The main diagonal has been 
colored red so we can keep track of it during this first example. For reasons that will be apparent 
eventually we would prefer to get the main diagonal entries to all be ones as well. 


We can get a one in the upper most spot by noticing that if we interchange the first and second 
row we will get a one in the uppermost spot for free. So let’s do that. 


“2 1 = 4 » 2 2 1B 
R&R, 
123 1% 2. =l. 4 
—> 
2.0 2 i a 0 ~ «dl 


Now we need to get the last two entries (the -2 and 3) in the first column to be zero. We can do 
this using the third row operation. Note that if we take 2 times the first row and add it to the 
second row we will get a zero in the second entry in the first column and if we take -3 times the 
first row to the third row we will get the 3 to be a zero. We can do both of these operations at the 
same time so let’s do that. 


1 2 3 13\)2R4+R,(1 2 3 13 
2 1 -1 4]-3R4+R,/0 5 5 30 
3.0 1 <1) 4- 10. <6 —e —40 


Before proceeding with the next step, let’s make sure that you followed what we just did. Let’s 
take a look at the first operation that we performed. This operation says to multiply an entry in 
row | by 2 and add this to the corresponding entry in row 2 then replace the old entry in row 2 
with this new entry. The following are the four individual operations that we performed to do 
this. 


2(1)+(-2)=0 

2(2)+1=5 

2(3)+(-1)=5 
2(13)+4=30 
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Okay, the next step optional, but again is convenient to do. Technically, the 5 in the second 
column is okay to leave. However, it will make our life easier down the road if itis a 1. We can 
use the second row operation to take care of this. We can divide the whole row by 5. Doing this 
gives, 


lt 2 3 8 if 2 2 4&3 


0 -6 -8 -40 0 -6 -8 -40 


The next step is to then use the third row operation to make the -6 in the second column into a 
Zero. 


t. 2 13 )\ oup(t 2 3 2B 
+ 

o & 4. 6 [Slog + « 
ad 

0 -6 -8 -40 00 2 4 


Now, officially we are done, but again it’s somewhat convenient to get all ones on the main 
diagonal so we’ll do one last step. 


12 3 13 1 2 3 13 
—l1R 

01 1 6/27/01 1 6 
ad 

002-4 001 2 


We can now convert back to equations. 


I 2 3 13 X, + 2% +3x, =13 
0 1 1 6 => X, +x, =6 
001 2 x, =2 


At this point the solving is quite easy. We get x; for free and once we get that we can plug this 
into the second equation and get x2. We can then use the first equation to get x;. Note as well 
that having 1’s along the main diagonal helped somewhat with this process. 


The solution to this system of equation is 
x, =-1 x, =4 x, =2 


The process used in this example is called Gaussian Elimination. Let’s take a look at another 
example. 


Example 2 Solve the following system of equations. 
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xX, — 2x, +3x, =-2 
—X, +x, —2x, =3 


2x, —X_ +3x, =1 


Solution 
First write down the augmented matrix. 
1 2 3 -2 
-1 1 —2 3 
2 = i-3. of 


We won’t put down as many words in working this example. Here’s the work for this augmented 
matrix. 


1b BS OY RR CL ay Be 8D 
SEU: 2 SR Oc ot ob 
yee Me: a A ee Se es es 


12 3 - 12 3 -2 
=i 3R, +R, 

0 1 -1 - 0 -l1 -l 
> > 

0 3 -3 5 0 0 0 8 


We won’t go any farther in this example. Let’s go back to equations to see why. 
L285 “By 2 4 = 2%5+342=-2 
a i Xx, - x, =—1 
0 0 0 8 0=8 


The last equation should cause some concern. There’s one of three options here. First, we’ve 
somehow managed to prove that 0 equals 8 and we know that’s not possible. Second, we’ve 


made a mistake, but after going back over our work it doesn’t appear that we have made a 
mistake. 


This leaves the third option. When we get something like the third equation that simply doesn’t 
make sense we immediately know that there is no solution. In other words, there is no set of 
three numbers that will make all three of the equations true at the same time. 


Let’s work another example. We are going to get the system for this new example by making a 
very small change to the system from the previous example. 


Example 3 Solve the following system of equations. 
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xX, — 2x, +3x, =—-2 

=X, +x, 2%, =3 

2X, —X_ +3xX, =—-7 
Solution 


So, the only difference between this system and the system from the second example is we 
changed the | on the right side of the equal sign in the third equation to a -7. 


Now write down the augmented matrix for this system. 


hs see ee 
ef. ade B 
2) So 3. eh 


The steps for this problem are identical to the steps for the second problem so we won’t write 
them all down. Upon performing the same steps we arrive at the following matrix. 


12 3 -2 
0 1 -1 -l 
0 0 0 O 
This time the last equation reduces to 
0=0 


and unlike the second example this is not a problem. Zero does in fact equal zero! 


We could stop here and go back to equations to get a solution and there is a solution in this case. 
However, if we go one more step and get a zero above the one in the second column as well as 
below it our life will be a little simpler. Doing this gives, 


i ae ee 101 + 
2R,+R, 
Od, alt OF 91: seh] 
=> 
0 0 0 0 00 0 0 


If we now go back to equation we get the following two equations. 


10 1 -4 x, +x, =-4 
0 1 -1 -!l = Xx, - x, =-1 
00 0 O 


We have two equations and three unknowns. This means that we can solve for two of the 
variables in terms of the remaining variable. Since x3 is in both equations we will solve in terms 
of that. 


x,=—-x,-4 
=a, 


What this solution means is that we can pick the value of x3 to be anything that we’d like and then 
find values of x; and x2. In these cases we typically write the solution as follows, 
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x, =-t-4 
x, =t-1 t= any real number 
x,=¢ 


In this way we get an infinite number of solutions, one for each and every value of t. 


These three examples lead us to a nice fact about systems of equations. 


Fact 


Given a system of equations, (1), we will have one of the three possibilities for the number of 
solutions. 

1. No solution. 

2. Exactly one solution. 

3. Infinitely many solutions. 


Before moving on to the next section we need to take a look at one more situation. The system of 
equations in (1) is called a nonhomogeneous system if at least one of the 5;’s is not zero. If 
however all of the b;’s are zero we call the system homogeneous and the system will be, 
A,X, + AX te +a,,x, =0 
Ay)X, + AyXq +++ +.Ay,X, =O 


(2) 


G4, +2,.0-H $a, * =U 


nnn 


Now, notice that in the homogeneous case we are guaranteed to have the following solution. 
X, =X, = =x, =0 


This solution is often called the trivial solution. 
For homogeneous systems the fact above can be modified to the following. 


Fact 


Given a homogeneous system of equations, (2), we will have one of the two possibilities for the 
number of solutions. 

1. Exactly one solution, the trivial solution 

2. Infinitely many non-zero solutions in addition to the trivial solution. 


In the second possibility we can say non-zero solution because if there are going to be infinitely 
many solutions and we know that one of them is the trivial solution then all the rest must have at 
least one of the x;’s be non-zero and hence we get a non-zero solution. 
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Review: Matrices and Vectors 


This section is intended to be a catch all for many of the basic concepts that are used occasionally 
in working with systems of differential equations. There will not be a lot of details in this section, 
nor will we be working large numbers of examples. Also, in many cases we will not be looking 
at the general case since we won’t need the general cases in our differential equations work. 


Let’s start with some of the basic notation for matrices. An x m (this is often called the size or 
dimension of the matrix) matrix is a matrix with n rows and m columns and the entry in the i” 
row and j” column is denoted by aj. A short hand method of writing a general n x m matrix is the 
following. 


Q 4. 7 Um 
Ge 21 O22 see “am = (a, ) 
: : : Y]nxm 
any an. mm /nxm 


The size or dimension of a matrix is subscripted as shown if required. If it’s not required or clear 
from the problem the subscripted size is often dropped from the matrix. 


Special Matrices 

There are a few “special” matrices out there that we may use on occasion. The first special 
matrix is the square matrix. A square matrix is any matrix whose size (or dimension) is 7 x n. 
In other words it has the same number of rows as columns. In a square matrix the diagonal that 
starts in the upper left and ends in the lower right is often called the main diagonal. 


The next two special matrices that we want to look at are the zero matrix and the identity matrix. 
The zero matrix, denoted 0, xm , is a matrix all of whose entries are zeroes. The identity matrix 
is a square n x n matrix, denoted /,, whose main diagonals are all 1’s and all the other elements 
are zero. Here are the general zero and identity matrices. 


Oc seo 
O90 wks: 
_ ; 0 1 0 
O.xm = : : : [,= 
0 0 0 
nxm 0 0 ein 1 


nxn 


In matrix arithmetic these two matrices will act in matrix work like zero and one act in the real 
number system. 


The last two special matrices that we'll look at here are the column matrix and the row matrix. 
These are matrices that consist of a single column or a single row. In general they are, 


x= . y=(% V2 pe De Nios 


n/nx1 
We will often refer to these as vectors. 


© 2007 Paul Dawkins 248 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


Arithmetic 

We next need to take a look at arithmetic involving matrices. We’ll start with addition and 
subtraction of two matrices. So, suppose that we have two n x m matrices, A and B. The sum 
(or difference) of these two matrices is then, 


Ay xm tB, xm ~ (4,), xm +(b,), xm =(a, +b,) xm 


The sum or difference of two matrices of the same size is a new matrix of identical size whose 
entries are the sum or difference of the corresponding entries from the original two matrices. 
Note that we can’t add or subtract entries with different sizes. 


Next, let’s look at scalar multiplication. In scalar multiplication we are going to multiply a 
matrix A by a constant (sometimes called a scalar) a. In this case we get a new matrix whose 
entries have all been multiplied by the constant, a. 


aA, xm = a(a,), xm =(aa, ), xm 


Example 1 Given the following two matrices, 
3 2 —4 1 
A = B = 
-9 1 Or=5 
Solution 


There isn’t much to do here other than the work. 


compute A-5B. 


3 aD = ae 
A-5B= =. 
=9° “A 0 ‘) 
_(3 -2) (-20 5 
eee. Sf 0 25 
_ (23-7 
~(-9 26 


We first multiplied all the entries of B by 5 then subtracted corresponding entries to get the 
entries in the new matrix. 


The final matrix operation that we’ll take a look at is matrix multiplication. Here we will start 
with two matrices, A, x, and Byxm. Note that A must have the same number of columns as B has 
rows. If this isn’t true then we can’t perform the multiplication. If it is true then we can perform 
the following multiplication. 

A, xpB > xm — (c;), xm 


The new matrix will have size n x m and the entry in the 7” row and j” column, cj, is found by 
multiplying row i of matrix A by column / of matrix B. This doesn’t always make sense in words 
so let’s look at an example. 
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Example 2 Given 


1 0 -1l 2 
2 -1 0 
A= B=|-4 3 1 O 
3 6 ae 
0 3 O Die .J 
compute AB. 
Solution 


The new matrix will have size 2 x 4. The entry in row | and column 1 of the new matrix will be 
found by multiplying row | of A by column | of B. This means that we multiply corresponding 
entries from the row of A and the column of B and then add the results up. Here are a couple of 
the entries computed all the way out. 


Here’s the complete solution. 


6 3 -3 4 
C= 
—27 21 9 -8 


In this last example notice that we could not have done the product BA since the number of 
columns of B does not match the number of row of A. It is important to note that just because we 
can compute AB doesn’t mean that we can compute BA. Likewise, even if we can compute both 
AB and BA they may or may not be the same matrix. 


Determinant 

The next topic that we need to take a look at is the determinant of a matrix. The determinant is 
actually a function that takes a square matrix and converts it into a number. The actual formula 
for the function is somewhat complex and definitely beyond the scope of this review. 


The main method for computing determinants of any square matrix is called the method of 
cofactors. Since we are going to be dealing almost exclusively with 2 x 2 matrices and the 
occasional 3 x 3 matrix we won’t go into the method here. We can give simple formulas for each 
of these cases. The standard notation for the determinant of the matrix A is. 


det (A) =|4| 


Here are the formulas for the determinant of 2 x 2 and 3 x 3 matrices. 


a (6 
=ad—cb 
bad 
A, A, 3 
4x2 yg 4, ax 2 429 
Ay, Ayn  Ag3) = Ay Ay + ,, 
32 433 a3, 433 31 439 
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Example 3 Find the determinant of each of the following matrices. 


| a an | 
=o = 18 
2 4 

eS ed | 


Solution 
For the 2 x 2 there isn’t much to do other than to plug it into the formula. 


det(4)=[> | =(-9)(4)-(-18)(2)=0 


For the 3 x 3 we could plug it into the formula, however unlike the 2 x 2 case this is not an easy 
formula to remember. There is an easier way to get the same result. A quicker way of getting the 
same result is to do the following. First write down the matrix and tack a copy of the first two 
columns onto the end as follows. 


2. 2 i 2-3 
det(B)=|-1 -6 7] -1 6 
4 5 -1 4 5 


Now, notice that there are three diagonals that run from left to right and three diagonals that run 
from right to left. What we do is multiply the entries on each diagonal up and the if the diagonal 
runs from left to right we add them up and if the diagonal runs from right to left we subtract them. 


Here is the work for this matrix. 


DZ. Bee MM De. 23 


=42 


You can either use the formula or the short cut to get the determinant of a 3 x 3. 


If the determinant of a matrix is zero we call that matrix singular and if the determinant of a 
matrix isn’t zero we call the matrix nonsingular. The 2 x 2 matrix in the above example was 
singular while the 3 x 3 matrix is nonsingular. 


Matrix Inverse 
Next we need to take a look at the inverse of a matrix. Given a square matrix, A, of size n x n if 
we can find another matrix of the same size, B such that, 


AB = BA=1, 
then we call B the inverse of A and denote it by B=A”. 


Computing the inverse of a matrix, A, is fairly simple. First we form a new matrix, 


(4 /,) 
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and then use the row operations from the previous section and try to convert this matrix into the 


form, 
(J, 8) 


If we can then B is the inverse of A. If we can’t then there is no inverse of the matrix A. 


Example 4 Find the inverse of the following matrix, if it exists. 


2 I! 1 
A=|-5 -3 0 
1 1 -l 


Solution 
We first form the new matrix by tacking on the 3 x 3 identity matrix to this matrix. This is 
2 © 1 too 
5 3 0 01 0 
1 1 -1 00 1 


We will now use row operations to try and convert the first three columns to the 3 x 3 identity. In 


other words we want a | on the diagonal that starts at the upper left corner and zeroes in all the 
other entries in the first three columns. 


If you think about it, this process is very similar to the process we used in the last section to solve 
systems, it just goes a little farther. Here is the work for this problem. 


2 11100 ct = 60 fear 
eae ss 
530010 5 3 0 01 0|R,-2R 
1 11-1001 tf 1 too) = 
LL aot ff too. ry, . 
02501 5/710 1 #04 3/87% 
0-13 10 2/~lo 13102) ~ 
11-1001), (1 1-10 0 1)R+8R, 
O1F OF FO 1 FO 7g FRR 
Oot 1442 00 1211) 3 
202.9 2), (100 2 3 
01053 5/' 7/0 10 5 3 °=5 
=> 
001211 001211 


So, we were able to convert the first three columns into the 3 x 3 identity matrix therefore the 
inverse exists and it is, 


3 2 3 
A'=|5 3 5 
> gq 4 
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So, there was an example in which the inverse did exist. Let’s take a look at an example in which 
the inverse doesn’t exist. 


Example 5 Find the inverse of the following matrix, provided it exists. 


1 -3 
B= 
Solution 


In this case we will tack on the 2 x 2 identity to get the new matrix and then try to convert the 
first two columns to the 2 x 2 identity matrix. 


) =). 1. 0) 2k 4371 -=3 1. 0 
2 6 01 > 0 0 2 1 
And we don’t need to go any farther. In order for the 2 x 2 identity to be in the first two columns 
we must have a | in the second entry of the second column and a 0 in the second entry of the first 
column. However, there is no way to get a 1 in the second entry of the second column that will 


keep a 0 in the second entry in the first column. Therefore, we can’t get the 2 x 2 identity in the 
first two columns and hence the inverse of B doesn’t exist. 


We will leave off this discussion of inverses with the following fact. 


Fact 


Given a square matrix A. 
1. If is nonsingular then A” will exist. 
2. IfA is singular then A” will NOT exist. 


I'll leave it to you to verify this fact for the previous two examples. 


Systems of Equations Revisited 
We need to do a quick revisit of systems of equations. Let’s start with a general system of 
equations. 

AX + AX, +-7+a4,,x, =H, 

Ay X, +AgX, +++ +.4,,x, =D, 


(1) 
BX +ygX% +10°+4,,X, =5 


nnn n 


Now, covert each side into a vector to get, 


AX, + AX, +++*+ a,x, b, 
Ay) X F AggXy FoF Ay, X, | b, 
aX) as Qi 2Xy ate ate QinX pn b, 


The left side of this equation can be thought of as a matrix multiplication. 
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A, Ay ct Ay \P % b, 
QA, Ay Aon |} Xo | _ b, 
a, 1 a, 2. Qin x), b, 


Simplifying up the notation a little gives, 
At =b (2) 


where, X is a vector whose components are the unknowns in the original system of equations. 
We call (2) the matrix form of the system of equations (1) and solving (2) is equivalent to solving 
(1). The solving process is identical. The augmented matrix for (2) is 


(4 8) 
Once we have the augmented matrix we proceed as we did with a system that hasn’t been written 
in matrix form. 


We also have the following fact about solutions to (2). 


Fact 


Given the system of equation (2) we have one of the following three possibilities for solutions. 
1. There will be no solutions. 
2. There will be exactly one solution. 
3. There will be infinitely many solutions. 


In fact we can go a little farther now. Since we are assuming that we’ve got the same number of 
equations as unknowns the matrix A in (2) is a square matrix and so we can compute its 
determinant. This gives the following fact. 


Fact 


Given the system of equations in (2) we have the following. 
1. If A is nonsingular then there will be exactly one solution to the system. 
2. If A is singular then there will either be no solution or infinitely many solutions to the 
system. 


The matrix form of a homogeneous system is 
Ax =0 (3) 
where 0 is the vector of all zeroes. In the homogeneous system we are guaranteed to have a 


solution, X =0. The fact above for homogeneous systems is then, 


Fact 


Given the homogeneous system (3) we have the following. 


1. If A is nonsingular then the only solution will be x = 0. 
2. IfA is singular then there will be infinitely many nonzero solutions to the system. 


Linear Independence/Linear Dependence 
This is not the first time that we’ve seen this topic. We also saw linear independence and linear 
dependence back when we were looking at second order differential equations. In that section we 
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were dealing with functions, but the concept is essentially the same here. If we start with n 
vectors, 
Te Deeg 
If we can find constants, c),C2,...,Cn with at least two nonzero such that 
CX, +OX, +...+¢,x%, =0 (4) 
then we call the vectors linearly dependent. If the only constants that work in (4) are c;=0, c2=0, 
..., Cn=0 then we call the vectors linearly independent. 


If we further make the assumption that each of the n vectors has n components, i.e. each of the 
vectors look like, 


we can get a very simple test for linear independence and linear dependence. Note that this does 
not have to be the case, but in all of our work we will be working with 1 vectors each of which 
has n components. 


Fact 


Given the ” vectors each with n components, 
Se eee 3 
form the matrix, 
X =(%, xX, 2.) 
So, the matrix XY is a matrix whose i” column is the i” vector, X,. Then, 


1. IfXis nonsingular (i.e. det(X) is not zero) then the n vectors are linearly independent, and 
2. if Xis singular (7.e. det(X) = 0) then the n vectors are linearly dependent and the constants 
that make (4) true can be found by solving the system 


Ac—0 
where C is a vector containing the constants in (4). 


Example 6 Determine if the following set of vectors are linearly independent or linearly 
dependent. If they are linearly dependent find the relationship between them. 


1 —2 6 
xO =|-3)|, X=) 1 |, x=) -2 
3 4 1 
Solution 
So, the first thing to do is to form X and compute its determinant. 
1 —2 6 
X=|-3 1 -2 > det (X) =-79 
5 4 1 


This matrix is non singular and so the vectors are linearly independent. 
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Example 7 Determine if the following set of vectors are linearly independent or linearly 
dependent. If they are linearly dependent find the relationship between them. 


1 —4 2 
xP al =1), RPS) 7 |, 2S) 1 
3 —6 4 
Solution 
As with the last example first form X and compute its determinant. 
1 -4 2 
X=|-1 1 -1 > det (X) =0 
3-6. 4 


So, these vectors are linearly dependent. We now need to find the relationship between the 
vectors. This means that we need to find constants that will make (4) true. 


So we need to solve the system 


XC=0 
Here is the augmented matrix and the solution work for this system. 
1 -4 2 0\R,+R (1 +4 2 =O 1 -4 2 0 
R,+2R, oR 
—l 1 +1 0/238; 0 -—3- I 0 QO. =3 1 047 
=> => 
3 -6 4 0 = 0 6 -—2 0 0 0 0 0 
ly. Ae 2D Oley ae 1 0 ; 0 c, +c, =0 GSc 2G 
0 1 oa “00-1 S20) as eee SS Sse 
0 0 0 000 0 0=0 


Now, we would like actual values for the constants so, if use c, =3 we get the following 


solutionc, =—2,c, =1, and c, =3. The relationship is then. 


0 


0 


Calculus with Matrices 
There really isn’t a whole lot to this other than to just make sure that we can deal with calculus 
with matrices. 


First, to this point we’ve only looked at matrices with numbers as entries, but the entries in a 
matrix can be functions as well. So we can look at matrices in the following form, 


a,,(t) a,,(t) ne a, (t) 
A(t)= aa(#) an(!) ne a(t) 


0) sad eee a6 
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Now we can talk about differentiating and integrating a matrix of this form. To differentiate or 
integrate a matrix of this form all we do is differentiate or integrate the individual entries. 


a(t) a(t) -- a,(¢) 
4(t)- (1) a(t) vs an(1) 


An (t) Gyo (t) + bn (2) 


ha fete sie [agg (0) 


So when we run across this kind of thing don’t get excited about it. Just differentiate or integrate 
as we normally would. 


In this section we saw a very condensed set of topics from linear algebra. When we get back to 
differential equations many of these topics will show up occasionally and you will at least need to 
know what the words mean. 


The main topic from linear algebra that you must know however if you are going to be able to 
solve systems of differential equations is the topic of the next section. 
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Review: Eigenvalues and Eigenvectors 


If you get nothing out of this quick review of linear algebra you must get this section. Without 
this section you will not be able to do any of the differential equations work that is in this chapter. 


So, let’s start with the following. If we multiply an ” x n matrix by ann x | vector we will get a 
new 7 x | vector back. In other words, 


An=y 


What we want to know is if it is possible for the following to happen. Instead of just getting a 
brand new vector out of the multiplication is it possible instead to get the following, 


An=An (1) 


In other words, is it possible, at least for certain 2 and77 , to have matrix multiplication be the 


same as just multiplying the vector by a constant? Of course, we probably wouldn’t be talking 
about this if the answer was no. So, it is possible for this to happen, however, it won’t happen for 
just any value of 2 or77 . If we do happen to have a 2 and7 for which this works (and they will 


always come in pairs) then we call / an eigenvalue of A and 77 an eigenvector of A. 


So, how do we go about finding the eigenvalues and eigenvectors for a matrix? Well first notice 


that if 7 = 0 then (1) is going to be true for any value of J and so we are going to make the 


assumption that 77 # 0. With that out of the way let’s rewrite (1) a little. 


An -Aq=0 
Ajj — ALG =0 
(A-Al, )ij =0 


Notice that before we factored out the77 we added in the appropriately sized identity matrix. 


This is equivalent to multiplying things by a one and so doesn’t change the value of anything. 
We needed to do this because without it we would have had the difference of a matrix, A, anda 
constant, A, and this can’t be done. We now have the difference of two matrices of the same size 
which can be done. 


So, with this rewrite we see that 
(4-11, )7 =0 (2) 


is equivalent to (1). In order to find the eigenvectors for a matrix we will need to solve a 
homogeneous system. Recall the fact from the previous section that we know that we will either 


have exactly one solution (7 = 0 ) or we will have infinitely many nonzero solutions. Since 
we’ ve already said that we don’t want 77 = 0 this means that we want the second case. 
Knowing this will allow us to find the eigenvalues for a matrix. Recall from this fact that we will 


get the second case only if the matrix in the system is singular. Therefore we will need to 
determine the values of 4 for which we get, 


det(A—AI) =0 
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Once we have the eigenvalues we can then go back and determine the eigenvectors for each 
eigenvalue. Let’s take a look at a couple of quick facts about eigenvalues and eigenvectors. 


Fact 


If A is ann x n matrix then det (A —AI ) = (0) is ann” degree polynomial. This polynomial is 
called the characteristic polynomial. 


To find eigenvalues of a matrix all we need to do is solve a polynomial. That’s generally not too 
bad provided we keep n small. Likewise this fact also tells us that for an n x n matrix, A, we will 
have n eigenvalues if we include all repeated eigenvalues. 


Fact 


If 1,,4,,...,4, is the complete list of eigenvalues for A (including all repeated eigenvalues) then, 


1. If A occurs only once in the list then we call 2 simple. 
2. If/A occurs k>/ times in the list then we say that 2 has multiplicity k. 
3. If 4,,4,,...,4, (k <n) are the simple eigenvalues in the list with corresponding 


eigenvectors A) : A, a8 Ag) then the eigenvectors are all linearly independent. 


4. If Ais an eigenvalue of multiplicity k > / then 2 will have anywhere from | to 
linearly independent eigenvectors. 


The usefulness of these facts will become apparent when we get back into differential equations 
since in that work we will want linearly independent solutions. 


Let’s work a couple of examples now to see how we actually go about finding eigenvalues and 
eigenvectors. 


Example 1 Find the eigenvalues and eigenvectors of the following matrix. 


2 7 
A= 
—-] -6 
Solution 


The first thing that we need to do is find the eigenvalues. That means we need the following 


matrix, 
2 7 1 O 2-2’ 7 
-l] -6 0 1 -l1 -6-A 


In particular we need to determine where the determinant of this matrix is zero. 


det (A-AI) =(2-2)(-6-4)+7=4? +44-5=(4+5)(A-1) 


So, it looks like we will have two simple eigenvalues for this matrix, 4, =—5 and 2, =1. We 


will now need to find the eigenvectors for each of these. Also note that according to the fact 
above, the two eigenvectors should be linearly independent. 


To find the eigenvectors we simply plug in each eigenvalue into (2) and solve. So, let’s do that. 
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A,=-5: 


In this case we need to solve the following system. 
bs Nee 0 
24-29) 30 


Recall that officially to solve this system we use the following augmented matrix. 
7 7. 0/2 R $2(7 7 -0 
Ce eae 
Upon reducing down we see that we get a single equation 
7, +71, =9 = Th =, 
that will yield an infinite number of solutions. This is expected behavior. Recall that we picked 


the eigenvalues so that the matrix would be singular and so we would get infinitely many 
solutions. 


Notice as well that we could have identified this from the original system. This won’t always be 
the case, but in the 2 x 2 case we can see from the system that one row will be a multiple of the 
other and so we will get infinite solutions. From this point on we won’t be actually solving 
systems in these cases. We will just go straight to the equation and we can use either of the two 
rows for this equation. 


Now, let’s get back to the eigenvector, since that is what we were after. In general then the 
eigenvector will be any vector that satisfies the following, 


up) tp) 
To get this we used the solution to the equation that we found above. 


We really don’t want a general eigenvector however so we will pick a value for 77, to get a 


specific eigenvector. We can choose anything (except 77, = 0 ), so pick something that will make 


the eigenvector “nice”. Note as well that since we’ve already assumed that the eigenvector is not 
zero we must choose a value that will not give us zero, which is why we want to avoid 7, =0 in 


this case. Here’s the eigenvector for this eigenvalue. 


—1 
A -( } using 7, =1 


Now we get to do this all over again for the second eigenvalue. 


A,=1: 


We’ll do much less work with this part than we did with the previous part. We will need to solve 
the following system. 
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Clearly both rows are multiples of each other and so we will get infinitely many solutions. We 
can choose to work with either row. We’ll run with the first because to avoid having too many 
minus signs floating around. Doing this gives us, 


7,+ 77, =9 mn, =-7n, 


Note that we can solve this for either of the two variables. However, with an eye towards 
working with these later on let’s try to avoid as many fractions as possible. The eigenvector is 


then, 
—7 
up) uD) 
=] 
A?) -( } using 7, =1 


Summarizing we have, 


Note that the two eigenvectors are linearly independent as predicted. 


Example 2 Find the eigenvalues and eigenvectors of the following matrix. 


Solution 
This matrix has fractions in it. That’s life so don’t get excited about it. First we need the 
eigenvalues. 


i | 
det(A-AI)= ; 
3 374 
=(1-a)[-F-a} +3 
3 
=72-24,1 
3° 9 
as 1 
=|A-— => == 
| Aa=3 


So, it looks like we’ ve got an eigenvalue of multiplicity 2 here. Remember that the power on the 
term will be the multiplicity. 


Now, let’s find the eigenvector(s). This one is going to be a little different from the first example. 
There is only one eigenvalue so let’s do the work for that one. We will need to solve the 
following system, 
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—1 0 3 

~3)\Ihb 0 2 
So, the rows are multiples of each other. We’ll work with the first equation in this example to 
find the eigenvector. 


ol wits 


: —1, =0 My = Z Y 
3 1 2 2 3 1 
Recall in the last example we decided that we wanted to make these as “nice” as possible and so 


should avoid fractions if we can. Sometimes, as in this case, we simply can’t so we'll have to 
deal with it. In this case the eigenvector will be, 


a-(™\-(2 } 1, #0 
up) 37h 

a | 

i -(3} m =3 


Note that by careful choice of the variable in this case we were able to get rid of the fraction that 
we had. This is something that in general doesn’t much matter if we do or not. However, when 
we get back to differential equations it will be easier on us if we don’t have any fractions so we 
will usually try to eliminate them at this step. 


Also in this case we are only going to get a single (linearly independent) eigenvector. We can get 
other eigenvectors, by choosing different values of 7,. However, each of these will be linearly 


dependent with the first eigenvector. If you’re not convinced of this try it. Pick some values for 
7, and get a different vector and check to see if the two are linearly dependent. 


Recall from the fact above that an eigenvalue of multiplicity k will have anywhere from | to k 
linearly independent eigenvectors. In this case we got one. For most of the 2 x 2 matrices that 
we'll be working with this will be the case, although it doesn’t have to be. We can, on occasion, 
get two. 


Example 3 Find the eigenvalues and eigenvectors of the following matrix. 


Ay 
Ae 
2 9 


Solution 
So, we’ll start with the eigenvalues. 
-4-,A —-17 
det(A-A/) = 
2 2-A 
=(-4-2)(2-2)+34 
=A? 4+214+26 


This doesn’t factor, so upon using the quadratic formula we arrive at, 


A, =-1+5i 
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In this case we get complex eigenvalues which are definitely a fact of life with 
eigenvalue/eigenvector problems so get used to them. 


Finding eigenvectors for complex eigenvalues is identical to the previous two examples, but it 
will be somewhat messier. So, let’s do that. 


A, =-\+5i: 


The system that we need to solve this time is 


 ctanlen Ce 
OP sate 


Now, it’s not super clear that the rows are multiples of each other, but they are. In this case we 
have, 


R, =-5(345))R, 


This is not something that you need to worry about, we just wanted to make the point. For the 
work that we’ll be doing later on with differential equations we will just assume that we’ve done 
everything correctly and we’ve got two rows that are multiples of each other. Therefore, all that 
we need to do here is pick one of the rows and work with it. 


We’ll work with the second row this time. 


2n, +(3-5i)7, =0 


Now we can solve for either of the two variables. However, again looking forward to differential 


66599 


equations, we are going to need the “7” in the numerator so solve the equation in such a way as 
this will happen. Doing this gives, 


2n, =-(3-5i)n, 


1 ; 
m= ~5(3-Si)m 


So, the eigenvector in this case is 


1 
——(3-5i 
a=(")- 5 i), ; n, #0 
No Mo 
: 345] 
a =[ a] } N, =2 


As with the previous example we choose the value of the variable to clear out the fraction. 


Now, the work for the second eigenvector is almost identical and so we’Il not dwell on that too 
much. 
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A,=-1-Si: 


The system that we need to solve here is 


Pr ene 
Cs 1G 


Working with the second row again gives, 


; 1 
2n, +(3+5i)7, =0 => m =—5(3+5i) 


The eigenvector in this case is 


1 
——(3+5i 
-(")- 5 i) | 7, #0 
1p) 1 
3-51 
i?) = 2 } Dy = 2 
Summarizing, 
; _(1) —34+5i 
A, =-14+5i y= 
2 
—3-—Si 
A, =-1-5i AO) = 
2 q 7] ) 


There is a nice fact that we can use to simplify the work when we get complex eigenvalues. We 
need a bit of terminology first however. 


If we start with a complex number, 

z=atbi 
then the complex conjugate of z is 

Z=a-—bi 


To compute the complex conjugate of a complex number we simply change the sign on the term 


66999 


that contains the “7”. The complex conjugate of a vector is just the conjugate of each of the 
vector’s components. 


We now have the following fact about complex eigenvalues and eigenvectors. 


Fact 


If A is ann X n matrix with only real numbers and if 4, = a+ bi is an eigenvalue with 


() | Then A,= A, =a-—bi is also an eigenvalue and its eigenvector is the 


(1) 


conjugate of 77°’. 


eigenvector 77 
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This fact is something that you should feel free to use as you need to in our work. 


Now, we need to work one final eigenvalue/eigenvector problem. To this point we’ve only 
worked with 2 x 2 matrices and we should work at least one that isn’t 2 x 2. Also, we need to 
work one in which we get an eigenvalue of multiplicity greater than one that has more than one 
linearly independent eigenvector. 


Example 4 Find the eigenvalues and eigenvectors of the following matrix. 


01 1 
A=!|1 0 1 
1 1 0 


Solution 


Despite the fact that this is a 3 x 3 matrix, it still works the same as the 2 x 2 matrices that we’ve 
been working with. So, start with the eigenvalues 


-A 1 1 
det(A-Ar)=|1 -A 1 
1 1 -aA 

=-1? +3142 


=(A-2)(A+1) 4, =2, A =-1 


So, we’ve got a simple eigenvalue and an eigenvalue of multiplicity 2. Note that we used the 
same method of computing the determinant of a 3 x 3 matrix that we used in the previous section. 
We just didn’t show the work. 


Let’s now get the eigenvectors. We’ll start with the simple eigenvector. 


A,=2% 
Here we’ll need to solve, 
—2 1 aes} 0 
1 —2 1 | 7, |=|0 
1 t S25haR 0 


This time, unlike the 2 x 2 cases we worked earlier, we actually need to solve the system. So let’s 
do that. 


2 1 1 0 1 2 1 O)\R,+2R,(1 -2 1 O 
R, OR, 
1 -2 2 1 1 O|R,-R|0 3 3 O 
=> 
1 1 2 0 1 1 2 0) > \0 3 -3 0 
1-2 1 0)R,-3R,f/1 0 -1 0 
eR 
70 1 -1 0}R,+2R,}0 1 -1 0 
=> 
0 3° SS 0) ee Oa Gr 20 
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Going back to equations gives, 
m-1:=0 > m="; 
1, —1; =0 = I, ="); 


So, again we get infinitely many solutions as we should for eigenvectors. The eigenvector is 
then, 


m 1) 
=| |=] 13 |> 1, #0 
UE 1) 
1 
qo = ty 7; =1 
1 


Now, let’s do the other eigenvalue. 


A,=-1: 

Here we’ll need to solve, 
1 1 1)\(7, 0 
1 1 1] 7, |=] 0 
Lek: ALN 0 


Okay, in this case is clear that all three rows are the same and so there isn’t any reason to actually 
solve the system since we can clear out the bottom two rows to all zeroes in one step. The 
equation that we get then is, 


1,+7,+7,=0> hh =, —1)s 


So, in this case we get to pick two of the values for free and will still get infinitely many 
solutions. Here is the general eigenvector for this case, 


1 hy — 1); 
A =| 7, \= > ; 7, #0 and 7, #0 at the same time 
UE 1) 


Notice the restriction this time. Recall that we only require that the eigenvector not be the zero 
vector. This means that we can allow one or the other of the two variables to be zero, we just 
can’t allow both of them to be zero at the same time! 


What this means for us is that we are going to get two linearly independent eigenvectors this time. 
Here they are. 
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—1 

i) = 0 7, =0 and 7, =1 
1 
—] 

7° = 1 7, =land 7, =0 
0 


Now when we talked about linear independent vectors in the last section we only looked at n 
vectors each with n components. We can still talk about linear independence in this case 
however. Recall back with we did linear independence for functions we saw at the time that if 
two functions were linearly dependent then they were multiples of each other. Well the same 
thing holds true for vectors. Two vectors will be linearly dependent if they are multiples of each 
other. In this case there is no way to get 77 @) by multiplying 7 (3) by aconstant. Therefore, these 


two vectors must be linearly independent. 


So, summarizing up, here are the eigenvalues and eigenvectors for this matrix 


1 
A, =2 A =\1 
1 
-l 
A, =-1 A” =| 0 
1 
- 
A=-1 A =| 1 
0 
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Systems of Differential Equations 


In the introduction to this section we briefly discussed how a system of differential equations can 
arise from a population problem in which we keep track of the population of both the prey and the 
predator. It makes sense that the number of prey present will affect the number of the predator 
present. Likewise, the number of predator present will affect the number of prey present. 
Therefore the differential equation that governs the population of either the prey or the predator 
should in some way depend on the population of the other. This will lead to two differential 
equations that must be solved simultaneously in order to determine the population of the prey and 
the predator. 


The whole point of this is to notice that systems of differential equations can arise quite easily 
from naturally occurring situations. Developing an effective predator-prey system of differential 
equations is not the subject of this chapter. However, systems can arise from n” order linear 
differential equations as well. Before we get into this however, let’s write down a system and get 
some terminology out of the way. 


We are going to be looking at first order, linear systems of differential equations. These terms 
mean the same thing that they have meant up to this point. The largest derivative anywhere in the 
system will be a first derivative and all unknown functions and their derivatives will only occur to 
the first power and will not be multiplied by other unknown functions. Here is an example of a 
system of first order, linear differential equations. 


ree 
Xx, =x, +2x, 


X, =3x,+2x, 


We call this kind of system a coupled system since knowledge of x2 is required in order to find x; 
and likewise knowledge of x; is required to find x2. We will worry about how to go about solving 
these later. At this point we are only interested in becoming familiar with some of the basics of 
systems. 


Now, as mentioned earlier, we can write an n™ order linear differential equation as a system. 
Let’s see how that can be done. 


Example 1 Write the following 2” order differential equation as a system of first order, linear 
differential equations. 


2y"—S5y'+y=0 y(3)=6 = y'(3)=-1 
Solution 


We can write higher order differential equations as a system with a very simple change of 
variable. We’ll start by defining the following two new functions. 


x(t)= v(t) 
x,(1)=y'(¢) 


Now notice that if we differentiate both sides of these we get, 
U li 
X=yY =X, 


x= y = : 42 = Dey 
2—y) 7” Lan ee we 
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Note the use of the differential equation in the second equation. We can also convert the initial 
conditions over to the new functions. 


x,(3)=»(3)=6 
x,(3)=y'(3)=—1 
Putting all of this together gives the following system of differential equations. 


aes x, (3) =6 


; 1 5 
x; pa ig x, (3)=-1 


We will call the system in the above example an Initial Value Problem just as we did for 
differential equations with initial conditions. 


Let’s take a look at another example. 


Example 2 Write the following 4" order differential equation as a system of first order, linear 
differential equations. 


y 43y"—sin(t) y'+8y=0 y(0)=1 y'(0)=2 y"(0)=3 y"(0)=4 
Solution 


Just as we did in the last example we’ll need to define some new functions. This time we’ll need 
4 new functions. 


cea =, es ea 
y= ¥y = Ray a 
Xi = y" => xe = y” = bo 
x=" > xay =—8y+sin(t)y'-3y"+f =—8x, +sin(t)x, —3x, +2 
The system along with the initial conditions is then, 
X= x(0)=1 
=X (0) 2 
us; x,(0)=3 
x, =—8x, +sin(t)x, —3x, +2 x,(0)=4 


Now, when we finally get around to solving these we will see that we generally don’t solve 
systems in the form that we’ve given them in this section. Systems of differential equations can 
be converted to matrix form and this is the form that we usually use in solving systems. 
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Example 3 Convert the following system to matrix from. 
x, =4x, + 7x, 
x, =—2x, -5x, 
Solution 
First write the system so that each side is a vector. 


x) ( 4x,+7x, 

x) De 5x, 
Now the right side can be written as a matrix multiplication, 
cia. ob ipa 
0) Ne SN 


Now, if we define, 


then, 


The system can then be wrote in the matrix form, 


POF ie ee oe 
ie x 
—2 -5 


Example 4 Convert the systems from Examples | and 2 into matrix form. 


Solution 
We’ll start with the system from Example 1. 
5 x,(3)=6 
X,=—-—x,+—x x, (3)=-1 
2 ane 2 ( ) 
First define, 


The system is then, 
0 1 
s 7 Z x, (3) 6 
Gat | Ay seu xs. }-( 
ao ( ) é (3) —l 


Now, let’s do the system from Example 2. 
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o = %, x,(0)=1 
x=; x,(0)=2 
xl=x, x; (0) =2 
x, =—8x, +sin(t)x, —3x, +2 x,(0)=4 


In this case we need to be careful with the 7 in the last equation. We’ll start by writing the 
system as a vector again and then break it up into two vectors, one vector that contains the 
unknown functions and the other that contains any known functions. 


x Me x, 

. iG X; 0 
= = + 

% Xi Xi 0 

xi) \-8x,+sin(¢)x,-3x,+2°) |-8x,+sin(¢)x,-3x,}) (? 


Now, the first vector can now be written as a matrix multiplication and we’ll leave the second 
vector alone. 


0 1 0 0 0 1 
si 0 0 1 0 on 0 #(0)= 2 
0 0 Oo 0 3 
-8 sin(t) -3 0 i 4 
where, 
x, (1) 
< x, (t) 
X(t) x,(t) 
x,(t) 


Note that occasionally for “large” systems such as this we will go one step farther and write the 
system as, 


The last thing that we need to do in this section is get a bit of terminology out of the way. 
Starting with 


x= AxX+¢ (t) 
we Say that the system is homogeneous if g(t) =( and we say the system is nonhomogeneous 


if Z(t) #0. 
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Solutions to Systems 


Now that we’ve got some of the basics out of the way for systems of differential equations it’s 
time to start thinking about how to solve a system of differential equations. We will start with the 
homogeneous system written in matrix form, 

x'=AX (1) 
where, A is an x n matrix and X is a vector whose components are the unknown functions in the 
system. 


Now, if we start with n = | then the system reduces to a fairly simple linear (or separable) first 
order differential equation. 


and this has the following solution, 


So, let’s use this as a guide and for a general n let’s see if 
X(t)=7e"" (2) 
will be a solution. Note that the only real difference here is that we let the constant in front of the 


exponential be a vector. All we need to do then is plug this into the differential equation and see 
what we get. First notice that the derivative is, 


x (t)=rije™ 


So upon plugging the guess into the differential equation we get, 


rne’ = Ane” 
(Aq -r7)e"" =0 
(A-r1) je" =0 


Now, since we know that exponentials are not zero we can drop that portion and we then see that 
in order for (2) to be a solution to (1) then we must have 


(A —rI ) 7 =0 
Or, in order for (2) to be a solution to (1), 7 and 7 must be an eigenvalue and eigenvector for the 
matrix A. 
Therefore, in order to solve (1) we first find the eigenvalues and eigenvectors of the matrix A and 
then we can form solutions using (2). There are going to be three cases that we’|l need to look at. 


The cases are real, distinct eigenvalues, complex eigenvalues and repeated eigenvalues. 


None of this tells us how to completely solve a system of differential equations. We’ll need the 
following couple of facts to do this. 
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Fact 
1. If 3, (t) and x, (t) are two solutions to a homogeneous system, (1), then 
Cx, (t) +6,X, (t) 
is also a solution to the system. 
2. Suppose that A is an n x n matrix and suppose that x, f t) ks (t) ane (t) are solutions 


to a homogeneous system, (1). Define, 
X =(%, X00 X,) 
In other words, X is a matrix whose ith column is the i” solution. Now define, 
W = det(X) 
We call Wthe Wronskian. If W #0 then the solutions form a fundamental set of 
solutions and the general solution to the system is, 
¥(t)=c,3, (t)+¢,%, (t)+---+¢,3, (2) 


Note that if we have a fundamental set of solutions then the solutions are also going to be linearly 
independent. Likewise, if we have a set of linearly independent solutions then they will also be a 
fundamental set of solutions since the Wronskian will not be zero. 
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Phase Plane 


Before proceeding with actually solving systems of differential equations there’s one topic that 
we need to take a look at. This is a topic that’s not always taught in a differential equations class 
but in case you’re in a course where it is taught we should cover it so that you are prepared for it. 


Let’s start with a general homogeneous system, 
+ = Ax (1) 


Notice that 

x=0 
is a solution to the system of differential equations. What we’d like to ask is, do the other 
solutions to the system approach this solution as ¢ increases or do they move away from this 
solution? We did something similar to this when we classified equilibrium solutions in a 
previous section. In fact, what we’re doing here is simply an extension of this idea to systems of 
differential equations. 


The solution ¥ = 0 is called an equilibrium solution for the system. As with the single 
differential equations case, equilibrium solutions are those solutions for which 
Ax =0 
We are going to assume that 4 is a nonsingular matrix and hence will have only one solution, 
x=0 
and so we will have only one equilibrium solution. 


Back in the single differential equation case recall that we started by choosing values of y and 
plugging these into the function f(y) to determine values of y’. We then used these values to 


sketch tangents to the solution at that particular value of y. From this we could sketch in some 
solutions and use this information to classify the equilibrium solutions. 


We are going to do something similar here, but it will be slightly different as well. First we are 
going to restrict ourselves down to the 2 x 2 case. So, we'll be looking at systems of the form, 
x, = ax, +bx, a fe OB \ 4 
; = x= x 
4, =o, Ha c d 
Solutions to this system will be of the form, 
= 


and our single equilibrium solution will be, 


In the single differential equation case we were able to sketch the solution, y(t) in the y-t plane 
and see actual solutions. However, this would somewhat difficult in this case since our solutions 
are actually vectors. What we’re going to do here is think of the solutions to the system as points 
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in the x;-x2 plane and plot these points. Our equilibrium solution will correspond to the origin of 
X}-x2 plane and the x;-x2 plane is called the phase plane. 


To sketch a solution in the phase plane we can pick values of ¢ and plug these into the solution. 
This gives us a point in the x;-x2 or phase plane that we can plot. Doing this for many values of t 
will then give us a sketch of what the solution will be doing in the phase plane. A sketch ofa 
particular solution in the phase plane is called the trajectory of the solution. Once we have the 
trajectory of a solution sketched we can then ask whether or not the solution will approach the 
equilibrium solution as ¢ increases. 


We would like to be able to sketch trajectories without actually having solutions in hand. There 
are a couple of ways to do this. We’ll look at one of those here and we’ll look at the other in the 
next couple of sections. 


One way to get a sketch of trajectories is to do something similar to what we did the first time we 
looked at equilibrium solutions. We can choose values of x (note that these will be points in the 
phase plane) and compute AX. This will give a vector that represents x’ at that particular 
solution. As with the single differential equation case this vector will be tangent to the trajectory 
at that point. We can sketch a bunch of the tangent vectors and then sketch in the trajectories. 


This is a fairly work intensive way of doing these and isn’t the way to do them in general. 
However, it is a way to get trajectories without doing any solution work. All we need is the 
system of differential equations. Let’s take a quick look at an example. 


Example 1 Sketch some trajectories for the system, 
4, =F, 42x, oe ee 
; = ;= xX 
X, =3x, +2x, 32 
Solution 


So, what we need to do is pick some points in the phase plane, plug them into the right side of the 
system. We’ll do this for a couple of points. 


_ (-l a sles e ae 
x= > x= = 

1 2 Dhl tel 
x ie eel. B20 2 
x= > x= = 

0 3 2)}lo) 6 
_ (3 Sod BBY 7 
x= > x= = 

5 Be De) 3 


So, what does this tell us? Well at the point (-1, 1) in the phase plane there will be a vector 
pointing in the direction (1, -1). At the point (2,0) there will be a vector pointing in the direction 


2 6) . At the point (-3,-2) there will be a vector pointing in the direction (-7, 13) : 


Doing this for a large number of points in the phase plane will give the following sketch of 
vectors. 
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Now all we need to do is sketch in some trajectories. To do this all we need to do is remember 
that the vectors in the sketch above are tangent to the trajectories. Also the direction of the 
vectors give the direction of the trajectory as ¢ increases so we can show the time dependence of 


the solution by adding in arrows to the trajectories. 


Doing this gives the following sketch. 


4 IY YIP pf ff 
ie, ae GY Ys f tft 
\ \ A f/f f/f / 
1) \\S PS I Sf | 
L | ASST 
Lgl Va a 
V/-s) fe Lag - X | B fsfig 
Vif WPS If 
Ly TUB Yy i 
JU Us \ i | 
lI, fh Uy —\ { | 
VIL | aEwNN 
IPED Gee 
/ ht hee Li) © ir i 


This sketch is called the phase portrait. Usually phase portraits only include the trajectories of 
the solutions and not any vectors. All of our phase portraits form this point on will only include 


the trajectories. 


In this case it looks like most of the solutions will start away from the equilibrium solution then 
as ¢ starts to increase they move in towards the equilibrium solution and then eventually start 


moving away from the equilibrium solution again. 


There seem to be four solutions that have slightly different behaviors. It looks like two of the 
solutions will start at (or near at least) the equilibrium solution and them move straight away from 
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it while two other solution start away from the equilibrium solution and then move straight in 
towards the equilibrium solution. 


In these kinds of cases we call the equilibrium point a saddle point and we call the equilibrium 
point in this case unstable since all but two of the solutions are moving away from it as ¢ 
increases. 


As we noted earlier this is not generally the way that we will sketch trajectories. All we really 
need to get the trajectories are the eigenvalues and eigenvectors of the matrix A. We will see how 
to do this over the next couple of sections as we solve the systems. 


Here are a few more phase portraits so you can see some more possible examples. We’ll actually 
be generating several of these throughout the course of the next couple of sections. 


Node - Unstable Node - Asymptotically Stable 
xX? x? 
Xy Xy 
—— - Unstable Improper Node 2 man Stable 
Xy Xy 
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Saddle Point - Unstable Center - Stable 
x2 x? 
x1 Xx} 
Spiral - Unstable Spiral - Asymptotically Stable 
xX? xX? 
Xi 


Xt 


Not all possible phase portraits have been shown here. These are here to show you some of the 
possibilities. Make sure to notice that several kinds can be either asymptotically stable or 
unstable depending upon the direction of the arrows. 


Notice the difference between stable and asymptotically stable. In an asymptotically stable 
node or spiral all the trajectories will move in towards the equilibrium point as ¢ increases, 
whereas a center (which is always stable) trajectory will just move around the equilibrium point 
but never actually move in towards it. 
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Real, Distinct Eigenvalues 


It’s now time to start solving systems of differential equations. We’ve seen that solutions to the 
system, 

, Ay 
will be of the form 

xX = ne“ 
where A and 77 are eigenvalues and eigenvectors of the matrix A. We will be working with 2 x 2 
systems so this means that we are going to be looking for two solutions, x, (t) and x, (t) , where 


the determinant of the matrix, 


is nonzero. 


We are going to start by looking at the case where our two eigenvalues, 4, and 1, are real and 


distinct. In other words they will be real, simple eigenvalues. Recall as well that the eigenvectors 
for simple eigenvalues are linearly independent. This means that the solutions we get from these 
will also be linearly independent. If the solutions are linearly independent the matrix X must be 
nonsingular and hence these two solutions will be a fundamental set of solutions. The general 
solution in this case will then be, 


x(t)= cea”) + cen” 


Note that each of our examples will actually be broken into two examples. The first example will 
be solving the system and the second example will be sketching the phase portrait for the system. 
Phase portraits are not always taught in a differential equations course and so we’ll strip those out 
of the solution process so that if you haven’t covered them in your class you can ignore the phase 
portrait example for the system. 


Example 1 Solve the following IVP. 


Ea wo’ 


Solution 
So, the first thing that we need to do is find the eigenvalues for the matrix. 
1-A 2 
det(A-AI) = 
2-A 
=A? -34-4 
=(A+1)(4-4) > Aa-L A =4 


Now let’s find the eigenvectors for each of these. 


A,=-1: 


1 
We’ll need to solve, 


ee ae => 2n, +2n, =0 => = 
3 3 n} {0 h Ih = m= 
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The eigenvector in this case is, 


— —l 
i-( ‘a => A -( } 7, =1 
UD) 1 
A, =4: 


We'll need to solve, 


The eigenvector in this case is, 


2 2 
-(* | z% a” -( } n, =3 
wp) 3 


Then general solution is then, 
—1 2 
x(t)=ce' +c,e" 
@=ce"(7'}ree"( 3 


Now, we need to find the constants. To do this we simply need to apply the initial conditions. 


a}204( (3) 


All we need to do now is multiply the constants through and we then get two equations (one for 
each row) that we can solve for the constants. This gives, 


—c,+2c, =0 = : oe c me) 
c,+3c, =—4 ae 


ome seG 


3S 


The solution is then, 


Now, let’s take a look at the phase portrait for the system. 


Example 2 Sketch the phase portrait for the following system. 


smo a, Sons 
x= x 
Be 3 2: 
Solution 


From the last example we know that the eigenvalues and eigenvectors for this system are, 


A, =-1 qs 
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It turns out that this is all the information that we will need to sketch the direction field. We will 
relate things back to our solution however so that we can see that things are going correctly. 


We’ll start by sketching lines that follow the direction of the two eigenvectors. This gives, 


wo x2 hea 


x; 


Now, from the first example our general solution is 


Gers " toe" ) 


If we have c2= 0 then the solution is an exponential times a vector and all that the exponential 
does is affect the magnitude of the vector and the constant c; will affect both the sign and the 

magnitude of the vector. In other words, the trajectory in this case will be a straight line that is 
(1) 


parallel to the vector, 7‘’. Also notice that as ¢ increases the exponential will get smaller and 


smaller and hence the trajectory will be moving in towards the origin. If c;>0 the trajectory will 
be in Quadrant II and if c;<0 the trajectory will be in Quadrant IV. 


So the line in the graph above marked with 77 () will be a sketch of the trajectory corresponding 
to c2 = 0 and this trajectory will approach the origin as ¢ increases. 


If we now turn things around and look at the solution corresponding to having c; = 0 we will have 
a trajectory that is parallel to 7 Oy. Also, since the exponential will increase as ¢ increases and so 


in this case the trajectory will now move away from the origin as ¢ increases. We will denote this 
with arrows on the lines in the graph above. 
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={1) x2 7) 


x; 


Notice that we could have gotten this information with actually going to the solution. All we 
really need to do is look at the eigenvalues. Eigenvalues that are negative will correspond to 
solutions that will move towards the origin as ¢ increases in a direction that is parallel to its 
eigenvector. Likewise, eigenvalues that are positive move away from the origin as ¢ increases in 
a direction that will be parallel to its eigenvector. 


If both constants are in the solution we will have a combination of these behaviors. For large 
negative ?’s the solution will be dominated by the portion that has the negative eigenvalue since in 
these cases the exponent will be large and positive. Trajectories for large negative ?’s will be 
(1) 


parallel to 7°’ and moving in the same direction. 


Solutions for large positive ¢’s will be dominated by the portion with the positive eigenvalue. 
Trajectories in this case will be parallel to 7 ) and moving in the same direction. 


In general, it looks like trajectories will start “near” 77 0) , move in towards the origin and then as 


they get closer to the origin they will start moving towards 7 () and then continue up along this 


vector. Sketching some of these in will give the following phase portrait. Here is a sketch of this 
with the trajectories corresponding to the eigenvectors marked in blue. 
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{1} x2 #7) 


x; 


In this case the equilibrium solution (0,0) is called a saddle point and is unstable. In this case 
unstable means that solutions move away from it as ¢ increases. 


So, we’ve solved a system in matrix form, but remember that we started out without the systems 
in matrix form. Now let’s take a quick look at an example of a system that isn’t in matrix form 
initially. 


Example 3 Find the solution to the following system. 
X= +25, x,(0)=0 


X= 3x, 42x, a (0) —_4 


Solution 
We first need to convert this into matrix form. This is easy enough. Here is the matrix form of 


the system. 
1 2 0 
se a; x (0) = 
a 2 —4 


This is just the system from the first example and so we’ ve already got the solution to this system. 


Here it is. 
-l1\) 4 2 
(jase — et 
5 1 5 3 


Now, since we want the solution to the system not in matrix form let’s go one step farther here. 
Let’s multiply the constants and exponentials into the vectors and then add up the two vectors. 


. : Se 8 gM 7 Se aie 
X(t)= _8 et 7 12 gt = tet 12 pt 
5 5 5 5 


Now, recall, 


© 2007 Paul Dawkins 283 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


So, the solution to the system is then, 


x,(t)= ae -5e" 
8 _ 12 4g, 
x, Car ora 


Let’s work another example. 


Example 4 Solve the following IVP. 


iy. a(t 


Solution 
So, the first thing that we need to do is find the eigenvalues for the matrix. 
—5-A 1 
det (A—A/) = 
4 —2-A 
=M +7146 
=(A+1)(A+6) = A, =-1, A, =-6 


Now let’s find the eigenvectors for each of these. 


A,=-1: 


We'll need to solve, 


ST icky Achat ee. gece 
4-1 n) (0 +1, = Ny = 47), 


The eigenvector in this case is, 
A, =-6: 


2 7, ~(1) 1 
= => = 5 = 1 
: | ? ( " 
We'll need to solve, 


|e Pa es} 0 
= > +7, =0 = =— 
(yn) nn nen 


The eigenvector in this case is, 


- —1 
i-( ‘a as a-( } n, =1 
up) | 
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Then general solution is then, 


wor vet 


Now, we need to find the constants. To do this we simply need to apply the initial conditions. 


2} #0 =4[)r(7) 


Now solve the system for the constants. 
C,-c, =1 3 2 
4c, +c, =2 


ose l 


The solution is then, 


Now let’s find the phase portrait for this system. 


Example 5 Sketch the phase portrait for the following system. 


oe ae we 
x= x 
4 -—2 
Solution 


From the last example we know that the eigenvalues and eigenvectors for this system are, 


aaa a -(1) 


—1 
A, =-6 7 -( 1 


This one is a little different from the first one. However it starts in the same way. We’ll first 
sketch the trajectories corresponding to the eigenvectors. Notice as well that both of the 
eigenvalues are negative and so trajectories for these will move in towards the origin as ¢ 
increases. When we sketch the trajectories we’ll add in arrows to denote the direction they take 
as t increases. Here is the sketch of these trajectories. 
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he x2 hd 


x; 


Now, here is where the slight difference from the first phase portrait comes up. All of the 
trajectories will move in towards the origin as ¢ increases since both of the eigenvalues are 
negative. The issue that we need to decide upon is just how they do this. This is actually easier 
than it might appear to be at first. 


The second eigenvalue is larger than the first. For large and positive ¢’s this means that the 
solution for this eigenvalue will be smaller than the solution for the first eigenvalue. Therefore, 
(1) 


since the second eigenvalue is larger than the first this solution will dominate for large and 
negative ?’s. Therefore, as we decrease ¢ the trajectory will move away from the origin and do so 


parallel to °°). 


as ¢ increases the trajectory will move in towards the origin and do so parallel to 7‘’. Likewise, 


Adding in some trajectories gives the following sketch. 


he x2 hed 


In these cases we call the equilibrium solution (0,0) a node and it is asymptotically stable. 
Equilibrium solutions are asymptotically stable if all the trajectories move in towards it as ¢ 
increases. 


© 2007 Paul Dawkins 286 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


Note that nodes can also be unstable. In the last example if both of the eigenvalues had been 
positive all the trajectories would have moved away from the origin and in this case the 
equilibrium solution would have been unstable. 


Before moving on to the next section we need to do one more example. When we first started 
talking about systems it was mentioned that we can convert a higher order differential equation 
into a system. We need to do an example like this so we can see how to solve higher order 
differential equations using systems. 


Example 6 Convert the following differential equation into a system, solve the system and use 
this solution to get the solution to the original differential equation. 


2y"+5y'-3y=0, y(0)=-4 y'(0)=9 
Solution 
So, we first need to convert this into a system. Here’s the change of variables, 
oS aed HH VY =x, 
’ ’ " 3 5 ' 3 5 
x, =) %=YV Ty Yr Xy 


2° “2 2 2 


The system is then, 


where, 


Now we need to find the eigenvalues for the matrix. 
—A 1 
3 _5s_ yh 


2 2 
245 3 
A +S AHS 


det(A-AI) = 


=1(4+3)(24-1) A =-3, 4 == 


Now let’s find the eigenvectors. 


Aas 


We’ll need to solve, 


3 1\(n 0 

F il J-(4) =>  3,+7,=0 => 1, =-3n, 
2 Ble 0 
2 2 2 


The eigenvector in this case is, 
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ae ee 
A, =t: 


We’ll need to solve, 


a HN) os sey = eee 
ae, Ny 0 7 hip 2h 


The eigenvector in this case is, 


Pare) 4 2 
-(f. | = a” -( } m =2 
37), 1 


The general solution is then, 


Apply the initial condition. 


(5 Jrxe(3}ee() 


This gives the system of equations that we can solve for the constants. 


c,+2c, =-4 ~ ; ae: ‘ = ae 
—3¢, +c, =9 Goes 7 


The actual solution to the system is then, 
22 1 “(2 
x(t)=-e™ ue 
7 -3} 7 1 


Now recalling that, 


we can see that the solution to the original differential equation is just the top row of the solution 
to the matrix system. The solution to the original differential equation is then, 


22 tA 
y(t) = “7 


3 


| 6% 
——e 
7 


Notice that as a check, in this case, the bottom row should be the derivative of the top row. 
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Complex Eigenvalues 


In this section we will look at solutions to 

Lane 
where the eigenvalues of the matrix A are complex. With complex eigenvalues we are going to 
have the same problem that we had back when we were looking at second order differential 
equations. We want our solutions to only have real numbers in them, however since our solutions 
to systems are of the form, 

¥ = fe” 
we are going to have complex numbers come into our solution from both the eigenvalue and the 
eigenvector. Getting rid of the complex numbers here will be similar to how we did it back in the 
second order differential equation case, but will involve a little more work this time around. It’s 
easiest to see how to do this in an example. 


Example 1 Solve the following IVP. 


oe ol 


Solution 
We first need the eigenvalues and eigenvectors for the matrix. 
3-A -9 
det (A-AI) = 
4 -3-A 
=f 497 A, =43V3i 


So, now that we have the eigenvalues recall that we only need to get the eigenvector for one of 
the eigenvalues since we can get the second eigenvector for free from the first eigenvector. 


A, =3V3i: 


We need to solve the following system. 
333,07 <9 (*)-(°) 
4 -3-3v3i Jn) \0 
Using the first equation we get, 


(3-3V3:)m, -9, =0 


So, the first eigenvector is, 


a= : m=3 
lage 
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When finding the eigenvectors in these cases make sure that the complex number appears in the 
numerator of any fractions since we’ll need it in the numerator later on. Also try to clear out any 
fractions by appropriately picking the constant. This will make our life easier down the road. 


A?) = 3 
14+\3i 


However, as we will see we won’t need this eigenvector. 


Now, the second eigenvector is, 


The solution that we get from the first eigenvalue and eigenvector is, 


~ _ 3V3it 3 
X,(t)=e [ad 


So, as we can see there are complex numbers in both the exponential and vector that we will need 
to get rid of in order to use this as a solution. Recall from the complex roots section of the second 
order differential equation chapter that we can use Euler’s formula to get the complex number out 
of the exponential. Doing this gives us, 


3 
5 (0) (cos(3) sin) 


The next step is to multiply the cosines and sines into the vector. 
3 cos (3/31) + 3isin (337) 
cos (3/31) + isin (3V37) — V3 icos(3V3¢) +3 sin (33) 


X,(¢)= 


66099 


Now combine the terms with an “7” in them and split these terms off from those terms that don’t 
contain an “7”. Also factor the “7” out of this vector. 


3c0s(3V31) 3sin (3V37) 
ag cos(3V3r) + 3 sin (33) . sin (3V3r)— V3 cos(3V37) 
=ii(t)+iv(t) 


Now, it can be shown (we’ll leave the details to you) that w (t) and v (t) are two linearly 


independent solutions to the system of differential equations. This means that we can use them to 
form a general solution and they are both real solutions. 


So, the general solution to a system with complex roots is 
X(t) =c,i(t)+c¢,¥(t) 


where (t) and v (t) are found by writing the first solution as 


X(t)=u(t)+iv¥(t) 
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For our system then, the general solution is, 


3c0s(3V3r) 3sin (331) 
™ cos (3V3r) + 3 sin(3V/3r] < sin (3./3r) — V3 cos(3V37) 


We now need to apply the initial condition to this to find the constants. 


Eso ole 


This leads to the following system of equations to be solved, 
3¢, =2 = 2 14 
C= 3c, =—4 


The actual solution is then, 


2 300s (331) 14 3sin (337) 


3 cos(3V3r) + 3 sin (337) "38 sin (3V/3r) — V3 cos(3V3¢) 


As we did in the last section we’ll do the phase portraits separately from the solution of the 
system in case phase portraits haven’t been taught in your class. 


Example 2 Sketch the phase portrait for the system. 


ep ole: =e Ls 
x = x 
4 -3 
Solution 


When the eigenvalues of a matrix A are purely complex, as they are in this case, the trajectories of 
the solutions will be circles or ellipses that are centered at the origin. The only thing that we 
really need to concern ourselves with here are whether they are rotating in a clockwise or 
counterclockwise direction. 


This is easy enough to do. Recall when we first looked at these phase portraits a couple of 
sections ago that if we pick a value of X (t) and plug it into our system we will get a vector that 


will be tangent to the trajectory at that point and pointing in the direction that the trajectory is 
traveling. So, let’s pick the following point and see what we get. 


O) tel SI 


Therefore, at the point (1,0) in the phase plane the trajectory will be pointing in a upwards 
direction. The only way that this can be is if the trajectories are traveling in a counterclockwise 
direction. 


Here is the sketch of some of the trajectories for this problem. 
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x2 


x; 


The equilibrium solution in the case is called a center and is stable. 


Note in this last example that the equilibrium solution is stable and not asymptotically stable. 
Asymptotically stable refers to the fact that the trajectories are moving in toward the equilibrium 
solution as ¢ increases. In this example the trajectories are simply revolving around the 
equilibrium solution and not moving in towards it. The trajectories are also not moving away 
from the equilibrium solution and so they aren’t unstable. Therefore, we call the equilibrium 
solution stable. 


Not all complex eigenvalues will result in centers so let’s take a look at an example where we get 
something different. 


Example 3 Solve the following IVP. 


-(; 1 ¥(0)-{ Io 


Solution 
Let’s get the eigenvalues and eigenvectors for the matrix. 
3-A -13 
det (A-AI) = 
1-A 
=A —42+68 Ay =24+8i 


Now get the eigenvector for the first eigenvalue. 


A, =24+8i: 


We need to solve the following system. 
1-8 -13 \(7,\ (0 
5 1-8 /ly) (0 


Using the second equation we get, 
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5, +(-1-81)n, =0 


1 : 
7, = 3 (148i) m 


So, the first eigenvector is, 


1 
_ |—(14+8i 
= = )n, 
UD) 
. 14+87 
a =( : ) a 


The solution corresponding to this eigenvalue and eigenvector is 


2 agin ( 1+ 87 
a (=e 5 ) 


— eee! 1+8i 
5 
ce 
=€ (cos) +isn(8) = 


As with the first example multiply cosines and sines into the vector and split it up. Don’t forget 
about the exponential that is in the solution this time. 


P a ie | 


5cos(8r) is 5sin (87) 
=ii(t)+iv(t) 


The general solution to this system then, 


(1) =e ee 4 eae F cos(8r) al 


5cos(8r) 5sin (87) 


Now apply the initial condition and find the constants. 


10) #"5[5}+9(9) 


The actual solution is then, 


i(t)=2e" fae 1 he * cos(8r) a 


5cos(8r) 8 5sin (87) 


Let’s take a look at the phase portrait for this problem. 
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Example 4 Sketch the phase portrait for the system. 


es 3 -13)\_ 
x= x 
5 1 
Solution 


When the eigenvalues of a system are complex with a real part the trajectories will spiral into or 
out of the origin. We can determine which one it will be by looking at the real portion. Since the 
real portion will end up being the exponent of an exponential function (as we saw in the solution 
to this system) if the real part is positive the solution will grow very large as ¢ increases. 
Likewise, if the real part is negative the solution will die out as ¢ increases. 


So, if the real part is positive the trajectories will spiral out from the origin and if the real part is 
negative they will spiral into the origin. We determine the direction of rotation (clockwise vs. 
counterclockwise) in the same way that we did for the center. 
In our case the trajectories will spiral out from the origin since the real part is positive and 

«¢ - {os S13) 1 3 

XxX — —=) 

>. I 0 5 

will rotate in the counterclockwise direction as the last example did. 


Here is a sketch of some of the trajectories for this system. 
x2 


xi 


Here we call the equilibrium solution a spiral (oddly enough...) and in this case it’s unstable 
since the trajectories move away from the origin. 


If the real part of the eigenvalue is negative the trajectories will spiral into the origin and in this 
case the equilibrium solution will be asymptotically stable. 
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Repeated Eigenvalues 


This is the final case that we need to take a look at. In this section we are going to look at 
solutions to the system, 

y= Ay 
where the eigenvalues are repeated eigenvalues. Since we are going to be working with systems 
in which A is a 2 x 2 matrix we will make that assumption from the start. So the system will have 
a double eigenvalue, A. 


This presents us with a problem. We want two linearly independent solutions so that we can form 
a general solution. However, with a double eigenvalue we will have only one, 


= sat 
xX, =7He 


So, we need to come up with a second solution. Recall that when we looked at the double root 
case with the second order differential equations we ran into a similar problem. In that section we 
simply added a ¢ to the solution and were able to get a second solution. Let’s see if the same 
thing will work in this case as well. We’ll see if 


¥=te“7H 
will also be a solution. 


To check all we need to do is plug into the system. Don’t forget to product rule the proposed 
solution when you differentiate! 


ne“ + Ante” = Ante“ 


Now, we got two functions here on the left side, an exponential by itself and an exponential times 
at. So, in order for our guess to be a solution we will need to require, 
An =An = (A-Al)7A =0 


7 =0 


The first requirement isn’t a problem since this just says that 7 is an eigenvalue and it’s 
eigenvector is 7. We already knew this however so there’s nothing new there. The second 


however is a problem. Since 77 is an eigenvector we know that it can’t be zero, yet in order to 
satisfy the second condition it would have to be. 


So, our guess was incorrect. The problem seems to be that there is a lone term with just an 
exponential in it so let’s see if we can’t fix up our guess to correct that. Let’s try the following 
guess. 


¥=te“H+e“p 
where ( is an unknown vector that we’ll need to determine. 


As with the first guess let’s plug this into the system and see what we get. 
je" + Aijte” + Ape” = A(jte” + pe“) 
(7 +Ap)e" + Ante” = Ante” + Ape” 
Now set coefficients equal again, 
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Anji = Af => (A-Al)Hj=0 
n+Ap=Ap > (A-Al) p=H 
As with our first guess the first equation tells us nothing that we didn’t already know. This time 


the second equation is not a problem. All the second equation tells us is that must be a 
solution to this equation. 


It looks like our second guess worked. Therefore, 
X, =te“j+e"p 
will be a solution to the system provided ( is a solution to 
(A-Al) p =H 
Also this solution and the first solution are linearly independent and so they form a fundamental 
set of solutions and so the general solution in the double eigenvalue case is, 


¥=ce"H +c, (te“Hj+e“p) 


Let’s work an example. 


Example 1 Solve the following IVP. 


ae 


Solution 
First find the eigenvalues for the system. 
7-A 1 
det (A-AI) = 
4 3-4 
=A’ -10A +25 
=(A-5y = Ass 


So, we got a double eigenvalue. Of course that shouldn’t be too surprising given the section that 
we’re in. Let’s find the eigenvector for this eigenvalue. 


ee es he SS ‘Ape ag ee, 
aR a ny} (0 1, Ty = Ny = —41), 


The eigenvector is then, 


The next step is find 6. To do this we’ll need to solve, 
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ewe = : = 20,+P,=1 p,=1-2p, 
—4 -2)\p, —2 


Note that this is almost identical to the system that we solve to find the eigenvalue. The only 
difference is the right hand side. The most general possible 6 is 


4 P Ss 0 : 
= > = if op, =0 
. i ° a se 


In this case, unlike the eigenvector system we can choose the constant to be anything we want, so 
we might as well pick it to make our life easier. This usually means picking it to be zero. 


We can now write down the general solution to the system. 


ronee(S}ee(“(4}ee(6) 


Applying the initial condition to find the constants gives us, 


Prone shal 


c,=2 
> c, =2, c, =-1 
—2¢, +e, =—5 


The actual solution is then, 


Note that we did a little combining here to simplify the solution up a little. 


So, the next example will be to sketch the phase portrait for this system. 


Example 2 Sketch the phase portrait for the system. 


Pa ale 
x= x 
4 3 
Solution 


These will start in the same way that real, distinct eigenvalue phase portraits start. We’ll first 
sketch in a trajectory that is parallel to the eigenvector and note that since the eigenvalue is 
positive the trajectory will be moving away from the origin. 
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x2 


yy 


x; 


Now, it will be easier to explain the remainder of the phase portrait if we actually have one in 
front of us. So here is the full phase portrait with some more trajectories sketched in. 
Re = 


x; 


Trajectories in these cases always emerge from (or move into) the origin in a direction that is 
parallel to the eigenvector. Likewise, they will start in one direction before turning around and 
moving off into the other direction. The directions in which they move are opposite depending 
on which side of the trajectory corresponding to the eigenvector we are on. Also, as the 
trajectories move away from the origin it should start becoming parallel to the trajectory 
corresponding to the eigenvector. 


So, how do we determine the direction? We can do the same thing that we did in the complex 
case. We’ll plug in (1,0) into the system and see which direction the trajectories are moving at 
that point. Since this point is directly to the right of the origin the trajectory at that point must 
have already turned around and so this will give the direction that it will traveling after turning 
around. 


Doing that for this problem to check our phase portrait gives, 
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TVA 2 y 

-4 3)\0o) \4 
This vector will point down into the fourth quadrant and so the trajectory must be moving into the 
fourth quadrant as well. This does match up with our phase portrait. 


In these cases the equilibrium is called a node and is unstable in this case. Note that sometimes 
you will hear nodes for the repeated eigenvalue case called degenerate nodes or improper 
nodes. 


Let’s work one more example. 


Example 3 Solve the following IVP. 


owl 


Solution 
First the eigenvalue for the system. 
coe 
det(A-AI)=| : 
ae =f 
ey ee 
4 
3)" 3 
=|A+— => =-— 
[243 Aaa 


Now let’s get the eigenvector. 


1 3 
x 3 \l% 0 1 3 
= > —7,+—n, =0 =-—3 
ie ae ) 5 m 5 UD ), UD) 


Now find p, 


The general solution for the system is then, 
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Applying the initial condition gives, 
1 = —3 —6 
=x (2) =ce° +c,| 2e° +e" 
0 1 1 0 


Note that we didn’t use t=0 this time! We now need to solve the following system, 
—3e °c, -12e °c, =1 e e 
e sy = C= >, CG =-— 

ec, +2e °c, =0 


The actual solution is then, 


And just to be consistent with all the other problems that we’ve done let’s sketch the phase 
portrait. 


Example 4 Sketch the phase portrait for the system. 


2 ie 3 } 
x= ; x 
-1 -2 
Solution 


Let’s first notice that since the eigenvalue is negative in this case the trajectories should all move 
in towards the origin. Let’s check the direction of the trajectories at (1,0) 


3 ale G) 


So it looks like the trajectories should be pointing into the third quadrant at (1,0). This gives the 
following phase portrait. 
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x2 


x; 
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Nonhomogeneous Systems 


We now need to address nonhomogeneous systems briefly. Both of the methods that we looked 
at back in the second order differential equations chapter can also be used here. As we will see 
Undetermined Coefficients is almost identical when used on systems while Variation of 
Parameters will need to have a new formula derived, but will actually be slightly easier when 
applied to systems. 


Undetermined Coefficients 

The method of Undetermined Coefficients for systems is pretty much identical to the second 
order differential equation case. The only difference is that the coefficients will need to be 
vectors now. 


Let’s take a quick look at an example. 


Example 1 Find the general solution to the following system. 


1 2). 2 
x= xt+t 
3 2 —4 
Solution 


We already have the complementary solution as we solved that part back in the real eigenvalue 


section. It is, 
. ai 1 2 
X(t) =ce 1 Jree 8 


Guessing the form of the particular solution will work in exactly the same way it did back when 
we first looked at this method. We have a linear polynomial and so our guess will need to be a 
linear polynomial. The only difference is that the “coefficients” will need to be vectors instead of 
constants. The particular solution will have the form, 


el) 
Xp =ta+b=t + 
a, b, 


So, we need to differentiate the guess 


Before plugging into the system let’s simplify the notation a little to help with our work. We’ll 
write the system as, 
ae Gee 2 es 
<= x+t = Ax +tg 
3 2 —4 


This will make the following work a little easier. Now, let’s plug things into the system. 
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Now we need to set the coefficients equal. Doing this gives, 
i; Aa+g=0 Aa =-g 
t?: Ab-a=0 Ab =a 


Now only @ is unknown in the first equation so we can use Gaussian elimination to solve the 
system. We'll leave this work to you to check. 


12) a; 2 > 3 
= => a= 
3 2)\a, —4 ae 
Now that we know a we can solve the second equation for b. 
Lb 2itb 3 ei ae 
3 2)\4, -3 z 


So, since we were able to solve both equations, the particular solution is then, 


The general solution is then, 


roo ee NEE 


So, as you can see undetermined coefficients is nearly the same as the first time we saw it. The 
work in solving for the “constants” is a little messier however. 


Variation of Parameters 
In this case we will need to derive a new formula for variation of parameters for systems. The 


derivation this time will be much simpler than the when we first saw variation of parameters. 


First let X(t) be a matrix whose i” column is the i” linearly independent solution to the system, 
=; = 
x = AX 


Now it can be shown that X(¢) will be a solution to the following differential equation. 


X'= AX (1) 
This is nothing more than the original system with the matrix in place of the original vector. 


We are going to try and find a particular solution to 
x’ = AX+¢ (t) 
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We will assume that we can find a solution of the form, 
x, =X (t)¥(t) 
where we will need to determine the vector v (t) . To do this we will need to plug this into the 


nonhomogeneous system. Don’t forget to product rule the particular solution when plugging the 
guess into the system. 
X'V+XV=AX VIE 


Note that we dropped the “(z)” part of things to simplify the notation a little. Now using (1) we 
can rewrite this a little. 
X'Vt+XV=X'V+E 
XV=g 
Because we formed_X using linearly independent solutions we know that det(X) must be nonzero 


and this in turn means that we can find the inverse of X. So, multiply both sides by the inverse of 
X. 


y = Xs 


Now all that we need to do is integrate both sides to get v (t). 
B(t)=[X"gat 


As with the second order differential equation case we can ignore any constants of integration. 
The particular solution is then, 


x, =X ] Xe dt (2) 


Let’s work a quick example using this. 


Example 2 Find the general solution to the following system. 


- -5 1). i 6 
x= x+e 
4 -—2 —l 
Solution 


We found the complementary solution to this system in the real eigenvalue section. It is, 


= -t 1 -6t =I 
t)=ce +C5,€ 
—t _ —6t 
van e e 
4e' e% 


Now, we need to find the inverse of this matrix. We saw how to find inverses of matrices back in 


the second linear algebra review section and the process is the same here even though we don’t 
have constant entries. We’ll leave the detail to you to check. 


Now the matrix _X is, 
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Now do the multiplication in the integral. 


sei nee te’ te’ 6e” e” 
§= 4,6t 1 6t Oya ae 8t 
ye. ae e —Se 


31 e” dt 1 g3t 
Jx'za-|[ : . -( a : 
—se } —Se" dt} \~xe 


Remember that to integrate a matrix or vector you just integrate the individual entries. 


Now do the integral. 


We can now get the particular solution. 
,=X|[Xgat 


The general solution is then, 


So, some of the work can be a little messy, but overall not too bad. 
We looked at two methods of solving nonhomogeneous differential equations here and while the 


work can be a little messy they aren’t too bad. Of course we also kept the nonhomogeneous part 
fairly simple here. More complicated problems will have significant amounts of work involved. 
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Laplace Transforms 


There’s not too much to this section. We’re just going to work an example to illustrate how 
Laplace transforms can be used to solve systems of differential equations. 


Example 1 Solve the following system. 
KS 3x, — 3x +2 x,(0)=1 
X, =—-6x,-t x,(0)=-1 
Solution 


First notice that the system is not given in matrix form. This is because the system won’t be 
solved in matrix form. Also note that the system is nonhomogeneous. 


We start just as we did when we used Laplace transforms to solve single differential equations. 
We take the transform of both differential equations. 


5X, (5) =x (0) =3%, (5)-3X,(s) += 


£K,(8)—15(0) =-6%, (5) 4 


Now plug in the initial condition and simplify things a little. 
2+5s 


(5-3) X,(s)#3X, (s)==+1= ! 


1 el 
6X, (s)+sX,(s) = = l= = 


Now we need to solve this for one of the transforms. We’ll do this by multiplying the top 
equation by s and the bottom by -3 and then adding. This gives, 
38° +3 

x 


(s?-3s-18)X,(s)=2+s+ 


Solving for X7 gives, 
s°+5s° +3 
x (s\= 
i( ) s° (s+3)(s-6) 


Partial fractioning gives, 


1 ( 133 28 3 #18 
i(s)= + 7 
108\s-6 s+3 s 5s 


Taking the inverse transform gives us the first solution, 


x,(t)= —_(133e" —28e* +3-18r) 


Now to find the second solution we could go back up and eliminate X7 to find the transform for X2 
and sometimes we would need to do that. However, in this case notice that the second 
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differential equation is, 
x, =—6x,-t = x, = |—6x, -tdt 


So, plugging the first solution in and integrating gives, 


4,{1)}= -= J133e" —~286* 43h 
= ~_(133e" +56e™ +187) +c 
108 


Now, reapplying the second initial condition to get the constant of integration gives 


ze (ee Geeta Fe = g=— 
108 4 


The second solution is then, 


x,(t)= -(133e" +56e* +181—81) 


So, putting all this together gives the solution to the system as, 
1 
x, (t) =——(133e" —28e* +3-18r 


H(t) -_(133e" + 56e" +18/-81) 


Compared to the last section the work here wasn’t too bad. That won’t always be the case of 
course, but you can see that using Laplace transforms to solve systems isn’t too bad in at least 
some cases. 
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Modeling 


In this section we’re going to go back and revisit the idea of modeling only this time we’re going 
to look at it in light of the fact that we now know how to solve systems of differential equations. 


We’re not actually going to be solving any differential equations in this section. Instead we’ll 
just be setting up a couple of problems that are extensions of some of the work that we’ve done in 
earlier modeling sections whether it is the first order modeling or the vibrations work we did in 
the second order chapter. Almost all of the systems that we'll be setting up here will be 
nonhomogeneous systems (which we only briefly looked at), will be nonlinear (which we didn’t 
look at) and/or will involve systems with more than two differential equations (which we didn’t 
look at, although most of what we do know will still be true). 


Mixing Problems 

Let’s start things by looking at a mixing problem. The last time we saw these was back in the 
first order chapter. In those problems we had a tank of liquid with some type of contaminate 
dissolved in it. Liquid, possibly with more contaminate dissolved in it, entered the tank and 
liquid left the tank. In this situation we want to extend things out to the following situation. 


We’ll now have two tanks that are interconnected with liquid potentially entering both and with 
an exit for some of the liquid if we need it (as illustrated by the lower connection). For this 
situation we’re going to make the following assumptions. 


1. The inflow and outflow from each tank are equal, or in other words the volume in each 
tank is constant. When we worked with a single tank we didn’t need to worry about this, 
but here if we don’t well end up with a system with nonconstant coefficients and those 
can be quite difficult to solve. 


2. The concentration of the contaminate in each tank is the same at each point in the tank. 
In reality we know that this won’t be true but without this assumption we’d need to deal 
with partial differential equations. 


3. The concentration of contaminate in the outflow from tank | (the lower connection in the 
figure above) is the same as the concentration in tank 1. Likewise, the concentration of 
contaminate in the outflow from tank 2 (the upper connection) is the same as the 
concentration in tank 2. 
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4. The outflow from tank | is split and only some of the liquid exiting tank | actually 
reaches tank 2. The remainder exits the system completely. Note that if we don’t want 
any liquid to completely exit the system we can think of the exit as having a value that is 
turned off. Also note that we could just as easily done the same thing for the outflow 
from tank 2 if we’d wanted to. 


Let’s take a look at a quick example. 


Example 2 Two 1000 liter tanks are with salt water. Tank | contains 800 liters of water 
initially containing 20 grams of salt dissolved in it and tank 2 contains 1000 liters of water and 
initially has 80 grams of salt dissolved in it. Salt water with a concentration of 2 gram/liter of 
salt enters tank | at a rate of 4 liters/hour. Fresh water enters tank 2 at a rate of 7 liters/hour. 
Through a connecting pipe water flows from tank 2 into tank | at a rate of 10 liters/hour. 

Through a different connecting pipe 14 liters/hour flows out of tank 1 and 11 liters/hour are 
drained out of the pipe (and hence out of the system completely) and only 3 liters/hour flows back 
into tank 2. Set up the system that will give the amount of salt in each tank at any given time. 


Solution 

Okay, let O, (t) and Q, (t) be the amount of salt in tank 1 and tank 2 at any time f respectively. 
Now all we need to do is set up a differential equation for each tank just as we did back when we 
had a single tank. The only difference is that we now need to deal with the fact that we’ve got a 


second inflow to each tank and the concentration of the second inflow will be the concentration of 
the other tank. 


Recall that the basic differential equation is the rate of change of salt (Q') equals the rate at 


which salt enters minus the rate at salt leaves. Each entering/leaving rate is found by multiplying 
the flow rate times the concentration. 


Here is the differential equation for tank 1. 


a= (4)(5}+(00)( 2 }-a)( 2 ) 0,(0) =20 
Q, _ 72, 


=24+—= 
100 400 


In this differential equation the first pair of numbers is the salt entering from the external inflow. 
The second set of numbers is the salt that entering into the tank from the water flowing in from 
tank 2. The third set is the salt leaving tank as water flows out. 


Here’s the second differential equation. 


0% =(7(0)+(3){ 2} -(00){ 2) 0, (0) =80 
800 100 


Note that because the external inflow into tank 2 is fresh water the concentration of salt in this is 
Zero. 
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In summary here is the system we’d need to solve, 


’ QO, 70, 
=9 422. e 0)=20 
o 100 400 2,(0) 

,_ 39, QD 
o 800 100 


This is a nonhomogeneous system because of the first term in the first differential equation. If we 
had fresh water flowing into both of these we would in fact have a homogeneous system. 


Population 

The next type of problem to look at is the population problem. Back in the first order modeling 
section we looked at some population problems. In those problems we looked at a single 
population and often included some form of predation. The problem in that section was we 
assumed that the amount of predation would be constant. This however clearly won’t be the case 
in most situations. The amount of predation will depend upon the population of the predators and 
the population of the predators will depend, as least partially, upon the population of the prey. 


So, in order to more accurately (well at least more accurate than what we originally did) we really 
need to set up a model that will cover both populations, both the predator and the prey. These 
types of problems are usually called predator-prey problems. Here are the assumptions that 
we’ll make when we build up this model. 


1. The prey will grow at a rate that is proportional to its current population if there are no 
predators. 


2. The population of predators will decrease at a rate proportional to its current population if 
there is no prey. 


3. The number of encounters between predator and prey will be proportional to the product 
of the populations. 


4. Each encounter between the predator and prey will increase the population of the 
predator and decrease the population of the prey. 


So, given these assumptions let’s write down the system for this case. 


Example 3 Write down the system of differential equations for the population of predators and 
prey using the assumptions above. 


Solution 
We’ll start off by letting x represent the population of the predators and y represent the population 
of the prey. 


Now, the first assumption tells us that, in the absence of predators, the prey will grow at a rate of 
ay where a>Q. Likewise the second assumption tells us that, in the absence of prey, the 


predators will decrease at a rate of —bx where b> 0. 


Next, the third and fourth assumptions tell us how the population is affected by encounters 
between predators and prey. So, with each encounter the population of the predators will increase 
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at arate of a@xy and the population of the prey will decrease at a rate of —Bxy where a > 0 
and B>0. 


Putting all of this together we arrive at the following system. 
x’ =—-bx+axy= x(ay —b) 
y' =ay— Bxy = y(a- x) 


Note that this is a nonlinear system and we’ve not (nor will we here) discuss how to solve this 
kind of system. We simply wanted to give a “better” model for some population problems and to 
point out that not all systems will be nice and simple linear systems. 


Mechanical Vibrations 

When we first looked at mechanical vibrations we looked at a single mass hanging on a spring 
with the possibility of both a damper and/or an external force acting on the mass. Here we want 
to look at the following situation. 


In the figure above we are assuming that the system is at rest. In other words all three springs are 
currently at their natural lengths and are not exerting any forces on either of the two masses and 
that there are no currently any external forces acting on either mass. 


We will use the following assumptions about this situation once we start the system in motion. 


1. x, will measure the displacement of mass m, from its equilibrium (i.e. resting) position 


and x, will measure the displacement of mass m, from its equilibrium position. 


2. As noted in the figure above all displacement will be assumed to be positive if it is to the 
right of equilibrium position and negative if to the left of the equilibrium position. 


3. All forces acting to the right are positive forces and all forces acting to the left are 
negative forces. 


4. The spring constants, k,, k,, and k,, are all positive and may or may not be the same 


value. 


5. The surface that the system is sitting on is frictionless and so the mass of each of the 
objects will not affect the system in any way. 
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Before writing down the system for this case recall that the force exerted by the spring on each 
mass is the spring constant times the amount that the spring has been compressed or stretched and 
we’ll need to be careful with signs to make sure that the force is acting in the correct direction. 


Example 4 Write down the system of differential equations for the spring and mass system 
above. 


Solution 
To help us out let’s first take a quick look at a situation in which both of the masses have been 
moved. This is shown below. 


Before proceeding let’s note that this is only a representation of a typical case, but most definitely 
not all possible cases. 


In this case we’re assuming that both x, and x, are positive and that x, —x, <0, or in other 
words, both masses have been moved to the right of their respective equilibrium points and that 
m, has been moved farther than m,. So, under these assumptions on x, and x, we know that 


the spring on the left (with spring constant 4, ) has been stretched past it’s natural length while 
the middle spring (spring constant k, ) and the right spring (spring constant k, ) are both under 


compression. 


Also, we’ve shown the external forces, F; (t) and (t) , aS present and acting in the positive 
direction. They do not, in practice, need to be present in every situation in which case we will 
assume that F; (¢) =0 and/or F, (t) =(). Likewise, if the forces are in fact acting in the 


negative direction we will then assume that F; (¢) <0 and/or F, (t) <0), 


Before proceeding we need to talk a little bit about how the middle spring will behave as the 
masses move. Here are all the possibilities that we can have and the affect each will have on 


x, —x,. Note that in each case the amount of compression/stretch in the spring is given by 


Ix = x,| although we won’t be using the absolute value bars when we set up the differential 


equations. 


1. If both mass move the same amount in the same direction then the middle spring will not 
have changed length and we’ll have x, —x, =0. 


2. If both masses move in the positive direction then the sign of x, — x, will tell us which has 
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moved more. If m, moves more than m, then the spring will be in compression and 
xX, —x, <0. Likewise, if m, moves more than m, then the spring will have been 


stretched and x, —x, >0. 


3. If both masses move in the negative direction we’ll have pretty much the opposite behavior 
as #2. If m, moves more than m, then the spring will have been stretched and 


xX, —x, >0. Likewise, if m, moves more than m, then the spring will be in compression 


and x,—x, <0. 


4. If m, moves in the positive direction and m, moves in the negative direction then the 


spring will be in compression and x, —x, <0. 


5. Finally, if m, moves in the negative direction and m, moves in the positive direction then 


the spring will have been stretched and x, —x, >0. 


Now, we’ll use the figure above to help us develop the differential equations (the figure 
corresponds to case 2 above...) and then make sure that they will also hold for the other cases as 
well. 


Let’s start off by getting the differential equation for the forces acting on m,. Here is a quick 


sketch of the forces acting on m, for the figure above. 


se Mal ES 


In this case x, > 0 and so the first spring has been stretched and so will exert a negative (i.e. to 
the left) force on the mass. The force from the first spring is then—k,x, and the “‘-” is needed 


because the force is negative but both k, and x, are positive. 


Next, because we’re assuming that m, has moved more than m, and both have moved in the 


positive direction we also know that x, —x, <0. Because m, has moved more than m, we 
know that the second spring will be under compression and so the force should be acting in the 
negative direction on m, and so the force will be k, (x, = ) . Note that because k, is positive 


and x, —x, is negative this force will have the correct sign (i.e. negative). 
2—% 8 g g 


The differential equation for m, is then, 


mx, =—k,x, +k, (x, -—x,) + F(t) 


Note that this will also hold for all the other cases. If m, has been moved in the negative 


direction the force form the spring on the right that acts on the mass will be positive and —k,x, 
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will be a positive quantity in this case. Next, if the middle mass has been stretched (i.e. 
xX, —x, >0) then the force from this spring on m, will be in the positive direction and 


k, (x, a a) will be a positive quantity in this case. Therefore, this differential equation holds for 


all cases not just the one we illustrated at the start of this problem. 


Let’s now write down the differential equation for all the forces that are acting on m,. Here is a 
sketch of the forces acting on this mass for the situation sketched out in the figure above. 


~ it, (%—%) —-| m, [ (¢) 


™ TK XQ 


In this case x, is positive and so the spring on the right is under compression and will exert a 


6c 99 


negative force on m, and so this force should be —k,x,, where the “-” is required because both 
k, and x, are positive. Also, the middle spring is still under compression but the force that it 
exerts on this mass is now a positive force, unlike in the case of m, , and so is given by 

—k, (se = x,) . The “-” on this force is required because x, — x, 1s negative and the force must be 


positive. 


The differential equation for m, is then, 
MX, =—k,x, —k, (x,-%,)+F, (0) 


We’ll leave it to you to verify that this differential equation does in fact hold for all the other 
cases. 


Putting all of this together and doing a little rewriting will then give the following system of 
differential equations for this situation. 

mx, =—(k, +k, ) x, +kx, + F(t) 

M,xX, =k,x, -(k, +k, ) x, + F(t) 
This is a system to two linear second order differential equations that may or may not be 


nonhomogeneous depending whether there are any external forces, F; (t) and F;, (¢) , acting on 


the masses. 


We have not talked about how to solve systems of second order differential equations. However, 
it can be converted to a system of first order differential equations as the next example shows and 
in many cases we could solve that. 


Example 5 Convert the system from the previous example to a system of 1* order differential 
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equations. 


Solution 


This isn’t too hard to do. Recall that we did this for single higher order differential equations 
earlier in the chapter when we first started to look at systems. To convert this to a system of first 
order differential equations we can make the following definitions. 


ae a i, =X =X =x 
We can then convert each of the differential equations as we did earlier in the chapter. 
uy =X =U, 
a k, +k k # 2 kK, +k. k F 
uy =X, or ie oe + KyXy + ‘(¢)) acre ta ca 2) uy + Kyu; + ‘(t)) 
1 1 


a 
u,=X, =U, 


" 1 1 
U, =X; =——(Kox —(k, +k, )x, + F, (t)) = (Kat —(k, +k, )u, +F, (t)) 


2 2 
Eliminating the “middle” step we get the following system of first order differential equations. 
Uy =U, 
ee 
u, = —(-(k +k, )u, +ku, +F, (t)) 
1 


as 
u,=U, 


oi 
u, = —(k,u, -(k, +k, )u; + F;(t)) 


2 


The matrix form of this system would be, 


0 1 0 0 0 
(hth) 9&9) | AO 4 
oj mM, m, s mM, ~ | UY 
i’ = u+ where, u = 
0 0 0 1 0 U, 
ky —( +h) 0 F,(¢) a 
[ mM, mM, | mM, 


While we never discussed how to solve systems of more than two linear first order differential 
equations we know most of what we need to solve this. 


In an earlier section we discussed briefly solving nonhomogeneous systems and all of that 
information is still valid here. 


For the homogenous system, that we’d still need to solve for the general solution to the 
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nonhomogeneous system, we know most of what we need to know in order to solve this. The 
only issues that we haven’t dealt with are what to do with repeated complex eigenvalues (which 
are now a possibility) and what to do with eigenvalues of multiplicity greater than 2 (which are 
again now a possibility). 


© 2007 Paul Dawkins 316 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


Series Solutions to Differential Equations 


Introduction 


In this chapter we will finally be looking at nonconstant coefficient differential equations. While 
we won’t cover all possibilities in this chapter we will be looking at two of the more common 
methods for dealing with this kind of differential equation. 


The first method that we’ll be taking a look at, series solutions, will actually find a series 
representation for the solution instead of the solution itself. You first saw something like this 
when you looked at Taylor series in your Calculus class. As we will see however, these won’t 
work for every differential equation. 


The second method that we’ll look at will only work for a special class of differential equations. 
This special case will cover some of the cases in which series solutions can’t be used. 


Here is a brief listing of the topics in this chapter. 
Review : Power Series — A brief review of some of the basics of power series. 


Review : Taylor Series — A reminder on how to construct the Taylor series for a 
function. 


Series Solutions — In this section we will construct a series solution for a differential 
equation about an ordinary point. 


Euler Equations — We will look at solutions to Euler’s differential equation in this 
section. 
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Review: Power Series 


Before looking at series solutions to a differential equation we will first need to do a cursory 
review of power series. A power series is a Series in the form, 


f (x)= Da, (2-25): (1) 


where, xo and a, are numbers. We can see from this that a power series is a function of x. The 
function notation is not always included, but sometimes it is so we put it into the definition above. 


Before proceeding with our review we should probably first recall just what series really are. 
Recall that series are really just summations. One way to write our power series is then, 


£(x)= Da, (e-mJ 


= 4, +4; (x=x,)+a,(x=x,) +a,(x=x,) 


(2) 


Notice as well that if we needed to for some reason we could always write the power series as, 
— n 
f (x)= 24, (x-%) 
n=0 


= dy +a,(x—x,)+a,(x-x)) +a,(x-x,) foes 


(ee) 


=, +>)\a,(x-%)’ 


n=! 


All that we’re doing here is noticing that if we ignore the first term (corresponding to n = 0) the 
remainder is just a series that starts at = 1. When we do this we say that we’ ve stripped out the 
n=(, or first, term. We don’t need to stop at the first term either. If we strip out the first three 
terms we’ll get, 


ioe} (ee) 


>a, (x-%,)" =a) +a,(x=x,)+a,(x=x,) +a, (x-x,)" 


n=0 n=3 
There are times when we’! want to do this so make sure that you can do it. 


Now, since power series are functions of x and we know that not every series will in fact exist, it 
then makes sense to ask if a power series will exist for all x. This question is answered by 
looking at the convergence of the power series. We say that a power series converges for x =c 


if the series, 
= n 
y a, (c =X ) 
n=0 
converges. Recall that this series will converge if the limit of partial sums, 


. = n 
tim D4, (c-x,) 


exists and is finite. In other words, a power series will converge for x=c if 


dia, (c-%)" 
n=0 
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is a finite number. 


Note that a power series will always converge if x = x9. In this case the power series will become 


= n 
ya, % —x,) = ay 


n=0 


With this we now know that power series are guaranteed to exist for at least one value of x. We 
have the following fact about the convergence of a power series. 


Fact 


Given a power series, (1), there will exist a number 0 < 9 < © so that the power series will 
converge for |x —X,| < p and diverge for |x —%,| > pe. This number is called the radius of 


convergence. 


Determining the radius of convergence for most power series is usually quite simple if we use the 
ratio test. 


Ratio Test 
Given a power series compute, 
cul 
a |x — x,|lim|—“+ 
no a 
n 
then, 
L<l = the series converges 
Lol = the series diverges 
joa = the series may converge or diverge 


Let’s take a quick look at how this can be used to determine the radius of convergence. 


Example 1 Determine the radius of convergence for the following power series. 


Solution 
So, in this case we have, 


(-3) 3)" 


n n7! any = (n+1)7"” 


Remember that to compute a,+; all we do is replace all the n’s in a, with n+1. Using the ratio test 
then gives, 
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(-3)"" n7 
500 (n+1)7"" (-3)’ 


—3 on 
omg li 
Boo ela) 7 
= be 3 


Now we know that the series will converge if, 


3 7 
=|x—-5|<1 => |x-5]<— 
7 e) 
and the series will diverge if, 
3 oh 
=|x—5|>1 =" |x-5]>— 
7 3 
In other words, the radius of the convergence for this series is, 
a 
> 


As this last example has shown, the radius of convergence is found almost immediately upon 
using the ratio test. 


So, why are we worried about the convergence of power series? Well in order for a series 
solution to a differential equation to exist at a particular x it will need to be convergent at that x. 
If it’s not convergent at a given x then the series solution won’t exist at that x. So, the 
convergence of power series is fairly important. 


Next we need to do a quick review of some of the basics of manipulating series. We’ll start with 
addition and subtraction. 


There really isn’t a whole lot to addition and subtraction. All that we need to worry about is that 
the two series start at the same place and both have the same exponent of the x-x». If they do 
then we can perform addition and/or subtraction as follows, 


0 (ee) 


dt, (x-x,)" ze 2, (x-x,)’ 7 d(4, +b, )(x-x,)" 


In other words all we do is add or subtract the coefficients and we get the new series. 


One of the rules that we’re going to have when we get around to finding series solutions to 
differential equations is that the only x that we want in a series is the x that sits in (x = Xi ’ : 


This means that we will need to be able to deal with series of the form, 
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(x-%) Ya, (x-%)’ 
n=0 
where c is some constant. These are actually quite easy to deal with. 
Canal Y a, (eS): = (x-xy)° (a, +a, (x-x,) +a, (x=x,) +) 


=a) (x-xy)° +a,(x—x,)” +a, (G=a,) © aise 


= nt+c 
Ya, (x-x))} 


n=0 


So, all we need to do is to multiply the term in front into the series and add exponents. Also note 
that in order to do this both the coefficient in front of the series and the term inside the series must 
be in the form x-xo. If they are not the same we can’t do this, we will eventually see how to deal 
with terms that aren’t in this form. 


Next we need to talk about differentiation of a power series. By looking at (2) it should be fairly 
easy to see how we will differentiate a power series. Since a series is just a giant summation all 
we need to do is differentiate the individual terms. The derivative of a power series will be, 


f'(x)=4, + 2a, (x=x,)+3a,(%=x,) core 


= n-l 
= ina, (x xq) 


So, all we need to do is just differentiate the term inside the series and we’re done. Notice as well 
that there are in fact two forms of the derivative. Since the n=0 term of the derivative is zero it 
won’t change the value of the series and so we can include it or not as we need to. In our work 
we will usually want the derivative to start at n=1, however there will be the occasional problem 
were it would be more convenient to start it at n=0. 


Following how we found the first derivative it should make sense that the second derivative is, 


ioe) 


f(x) = Yin(n—la, (x= %9)" 


= Yanna, (x-x,)"° 
= Yin(n-N)a, (2=5,)° 


In this case since the n=0 and n=/ terms are both zero we can start at any of three possible 
starting points as determined by the problem that we’re working. 
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Next we need to talk about index shifts. As we will see eventually we are going to want our 
. fe . n ee. arose . 
power series written in terms of (x — xe) and they often won’t, initially at least, be in that form. 


To get them into the form we need we will need to perform an index shift. 


Index shifts themselves really aren’t concerned with the exponent on the x term, they instead are 
concerned with where the series starts as the following example shows. 


Example 2 Write the following as a series that starts at n=0 instead of n=3. 


y n’a,_,(x+ 4)" 
n=3 


Solution 

An index shift is a fairly simple manipulation to perform. First we will notice that if we define 
i=n-3 then when n=3 we will have i=0. So what we’ll do is rewrite the series in terms of i 
instead of n. We can do this by noting that n=i+3. So, everywhere we see an n in the actual 
series term we will replace it with ani+3. Doing this gives, 


y na, ; (x+ 4)" = y (i + 3)" yg (X+ Ay a 
n=3 i 


The upper limit won’t change in this process since infinity minus three is still infinity. 


The final step is to realize that the letter we use for the index doesn’t matter and so we can just 
switch back to n’s. 


y na, (x+ 4)" = y(n + 3)" Ana (x4 4)" 
n=3 


Now, we usually don’t go through this process to do an index shift. All we do is notice that we 
dropped the starting point in the series by 3 and everywhere else we saw an n in the series we 
increased it by 3. In other words, all the n’s in the series move in the opposite direction that we 
moved the starting point. 


Example 3 Write the following as a series that starts at n=5 instead of n=3. 


y Was; (x+ 4)" 


n=3 
Solution 
To start the series to start at n=5 all we need to do is notice that this means we will increase the 
starting point by 2 and so all the other n’s will need to decrease by 2. Doing this for the series in 
the previous example would give, 


Now, as we noted when we started this discussion about index shift the whole point is to get our 


series into terms of (x ae y’ . Wecan see in the previous example that we did exactly that with 
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an index shift. The original exponent on the (x+4) was n+2. To get this down to ann we needed 
to decrease the exponent by 2. This can be done with an index that increases the starting point by 
pa 


Let’s take a look at a couple of more examples of this. 


Example 4 Write each of the following as a single series in terms of (x =—25 y’ ‘ 


(a) (x+ 2)" y na, (x+ a - y na, (x+ a [Solution] 
n=3 n=l 


(b) x1(n-5)° b,,,(x—3)"" [Solution] 


n=0 


Solution 


(a) (x+ 2) ¥ na, (x+ 7h -Y na, (x +2)" 
n=3 n=l 


First, notice that there are two series here and the instructions clearly ask for only a single series. 
So, we will need to subtract the two series at some point in time. The vast majority of our work 
will be to get the two series prepared for the subtraction. This means that the two series can’t 
have any coefficients in front of them (other than one of course...), they will need to start at the 
same value of n and they will need the same exponent on the x-x9. 


We’ll almost always want to take care of any coefficients first. So, we have one in front of the 
first series so let’s multiply that into the first series. Doing this gives, 


> na, ( ga) = na, (x+2)"" 


n=3 


Now, the instructions specify that the new series must be in terms of (x =H ’ , So that’s the next 


thing that we’ve got to take care of. We will do this by an index shift on each of the series. The 
exponent on the first series needs to go up by two so we’ll shift the first series down by 2. On the 
second series will need to shift up by | to get the exponent to move down by 1. Performing the 
index shifts gives us the following, 


ioe} 


(+2) a, (x+2)"-Y(n-la,, (x+2)' 


n=l n= 


Finally, in order to subtract the two series we’ll need to get them to start at the same value of n. 
Depending on the series in the problem we can do this in a variety of ways. In this case let’s 
notice that since there is an n-/ in the second series we can in fact start the second series at n=/ 
without changing its value. Also note that in doing so we will get both of the series to start at 
n=I and so we can do the subtraction. Our final answer is then, 


(n+ 2) a, (x+2)"-Y'(n-la,( x+2)’ =I ( n+2)a A439 —(n-1)a,,, (x+2)" 


n=l n=l n=l 


[Return to Problems] 
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(b) x¥1(n—5)'B,, (x-3)"" 


n=0 


In this part the main issue is the fact that we can’t just multiply the coefficient into the series this 
time since the coefficient doesn’t have the same form as the term inside the series. Therefore, the 
first thing that we’ll need to do is correct the coefficient so that we can bring it into the series. 
We do this as follows, 


ce) 


x5 (n-5) Byg (2-3) = (4-3 +3) 5 (2-5) Bg (0-3) 
n=0 


n=0 


n=0 n=0 


We can now move the coefficient into the series, but in the process of we managed to pick up a 
second series. This will happen so get used to it. Moving the coefficients of both series in gives, 


ice) 


Y (2 5)" Dyas (2-3) + 3 (-5)° yy (0-3) 


n=0 n=0 


We now need to get the exponent in both series to be ann. This will mean shifting the first series 
up by 4 and the second series up by 3. Doing this gives, 


(oe) 


\(n-9)'b,5(x—3)" +Y3(n-8) b, »(x-3)" 


n=4 


In this case we can’t just start the first series at n=3 because there is not an n-3 sitting in that 
series to make the n=3 term zero. So, we won’t be able to do this part as we did in the first part 
of this example. 


What we’ll need to do in this part is strip out the n=3 from the second series so they will both 
start at n=4. We will then be able to add the two series together. Stripping out the n=3 term 
from the second series gives, 


ie) 


Y\(n-9)'b, ,(x—3)" +3(-3)° b (x-3)' + 53(n 8)", (x-3)" 


n=4 n=4 


We can now add the two series together. 


75b,(x-3)' +o] (n—9)'b, , +3(n-8)' 8,» |(x-3)" 


n=4 


This is what we’re looking for. We won’t worry about the extra term sitting in front of the series. 
When we finally get around to finding series solutions to differential equations we will see how to 
deal with that term there. 

[Return to Problems| 


There is one final fact that we need take care of before moving on. Before giving this fact for 
power series let’s notice that the only way for 


at+bx+cx’ =0 
to be zero for all x is to have a=b=c=0. 
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We’ve got a similar fact for power series. 


Fact 


This fact will be key to our work with differential equations so don’t forget it. 
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Review: Taylor Series 


We are not going to be doing a whole lot with Taylor series once we get out of the review, but 
they are a nice way to get us back into the swing of dealing with power series. By time most 
students reach this stage in their mathematical career they’ve not had to deal with power series for 
at least a semester or two. Remembering how Taylor series work will be a very convenient way 
to get comfortable with power series before we start looking at differential equations. 


Taylor Series 
If f(x) is an infinitely differentiable function then the Taylor Series of f(x) about x=xo is, 


2 ¢() (x 
r()-SF ! Nor) 


! 


Recall that 
f (x)= f(x) f (x)= n™ derivative of f (x) 


Let’s take a look at an example. 


Example I Determine the Taylor series for f (x) =e” about x=0. 


Solution 
This is probably one of the easiest functions to find the Taylor series for. We just need to recall 
that, 


f° (x)=e" n=0,1,2.... 
and so we get, 


f(0)=1 2 =0,1,2.... 
The Taylor series for this example is then, 


ey 


n=0 Nn. 


Of course, it’s often easier to find the Taylor series about x=0 but we don’t always do that. 


Example 2 Determine the Taylor series for f (x) =e” about x=-4. 


Solution 
This problem is virtually identical to the previous problem. In this case we just need to notice 
that, 


f (-4) = ee? n= 0, 1, am o 


The Taylor series for this example is then, 
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Let’s now do a Taylor series that requires a little more work. 


Example 3 Determine the Taylor series for f (x) = cos (x) about x=0. 


Solution 
This time there is no formula that will give us the derivative for each n so let’s start taking 
derivatives and plugging in x=0. 


f° (x) =cos(x) f(0)=1 
f (x) =—sin (x) f (0) =0 
f (x) =-cos(x) f° (0) =-1 
f° (x) =sin(x) f° (0) =0 
f (x) =cos(x) f(0)=1 


Once we reach this point it’s fairly clear that there is a pattern emerging here. Just what this 
pattern is has yet to be determined, but it does seem fairly clear that a pattern does exist. 


Let’s plug what we’ve got into the formula for the Taylor series and see what we get. 


cos (x) = y = ©) x 


n=0 n 


So, every other term is zero. 


We would like to write this in terms of a series, however finding a formula that is zero every 
other term and gives the correct answer for those that aren’t zero would be unnecessarily 
complicated. So, let’s rewrite what we’ve got above and while were at it renumber the terms as 


follows, 


2 4 6 8 
xX 


—-—+— - — — 


AL x Xx x 
O! 2! 4! 6! 8! 
TO TAP wD) ese a 


cos (x)= 


With this “renumbering” we can fairly easily get a formula for the Taylor series of the cosine 
function about x=0. 


For practice you might want to see if you can verify that the Taylor series for the sine function 
about x=0 is, 
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; S (-1)" xo 
sin(x)= ) ~———— 
0 (2n+1)! 
We need to look at one more example of a Taylor series. This example is both tricky and very 
easy. 


Example 4 Determine the Taylor series for f (x) =3x° —8x+2 about x=2. 


Solution 
There’s not much to do here except to take some derivatives and evaluate at the point. 
f (x) =3x" -8x42 f (2)=-2 
f'(x)=6x-8 f'(2)=4 
7 (x6 f"(2)=6 
f(x) =0, n>3 f (2)=0, n=3 


So, in this case the derivatives will all be zero after a certain order. That happens occasionally 
and will make our work easier. Setting up the Taylor series then gives, 


i (n) 
3x?-8x42=y 2 4) 7) (4-2)" 
n=0 nN. 


(0) (1) 
_£°Q), PQ), 
0! 1! 


=244(x=2)+2 (4-2) +0 


=-2+4(x-2)+3(x-2) 
In this case the Taylor series terminates and only had three terms. Note that since we are after the 


Taylor series we do not multiply the 4 through on the second term or square out the third term. 
All the terms with the exception of the constant should contain an x-2. 


Note in this last example that if we were to multiply the Taylor series we would get our original 
polynomial. This should not be too surprising as both are polynomials and they should be equal. 


We now need a quick definition that will make more sense to give here rather than in the next 
section where we actually need it since it deals with Taylor series. 


Definition 


A function, f(x), is called analytic at x=a if the Taylor series for f(x) about x=a has a positive 
radius of convergence and converges to f(x). 


We need to give one final note before proceeding into the next section. We started this section 
out by saying that we weren’t going to be doing much with Taylor series after this section. While 
that is correct it is only correct because we are going to be keeping the problems fairly simple. 
For more complicated problems we would also be using quite a few Taylor series. 
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Series Solutions to Differential Equations 


Before we get into finding series solutions to differential equations we need to determine when 
we can find series solutions to differential equations. So, let’s start with the differential equation, 


p(x) y"+q(x)y'+r(x)y =0 (1) 


This time we really do mean nonconstant coefficients. To this point we’ve only dealt with 
constant coefficients. However, with series solutions we can now have nonconstant coefficient 
differential equations. Also, in order to make the problems a little nicer we will be dealing only 
with polynomial coefficients. 


Now, we say that x=x9 is an ordinary point if provided both 
q(x) r(x) 
—— and 
P(x) P(x) 
are analytic at x=xy. That is to say that these two quantities have Taylor series around x=xo. We 


are going to be only dealing with coefficients that are polynomials so this will be equivalent to 
saying that 


7) (% ) #0 
for most of the problems. 


If a point is not an ordinary point we call it a singular point. 


The basic idea to finding a series solution to a differential equation is to assume that we can write 
the solution as a power series in the form, 


y(x)= Ya, (x-x,)" (2) 


and then try to determine what the a,,’s need to be. We will only be able to do this if the point 
x=xo, is an ordinary point. We will usually say that (2) is a series solution around x=x». 


Let’s start with a very basic example of this. In fact it will be so basic that we will have constant 
coefficients. This will allow us to check that we get the correct solution. 


Example I Determine a series solution for the following differential equation about x, =0. 


y" + y = 0 
Solution 
Notice that in this case p(x)=/ and so every point is an ordinary point. We will be looking for a 
solution in the form, 


We will need to plug this into our differential equation so we’ll need to find a couple of 
derivatives. 


y'(x)= y na,x" | y' (x)= Yin(n —l)a,x"” 
n=l 
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Recall from the power series review section on power series that we can start these at n=0 if we 
need to, however it’s almost always best to start them where we have here. If it turns out that it 
would have been easier to start them at n=0 we can easily fix that up when the time comes 
around. 


So, plug these into our differential equation. Doing this gives, 


ioe) 


n(n-l ax ti Sag =0 
Yin(n-la, : 


n=2 n=0 


The next step is to combine everything into a single series. To do this requires that we get both 
series starting at the same point and that the exponent on the x be the same in both series. 


We will always start this by getting the exponent on the x to be the same. It is usually best to get 
the exponent to be ann. The second series already has the proper exponent and the first series 
will need to be shifted down by 2 in order to get the exponent up to ann. If you don’t recall how 
to do this take a quick look at the first review section where we did several of these types of 
problems. 


Shifting the first power series gives us, 


ioe} 


Yi (n+2)(n+l)a,,.x" + a,x" =0 


n=0 n=0 


Notice that in the process of the shift we also got both series starting at the same place. This 
won’t always happen, but when it does we’ll take it. We can now add up the two series. This 
gives, 


Y [(1+2)(n4])a,,. +a, |x" =0 
0 


n= 


Now recalling the fact from the power series review section we know that if we have a power 
series that is zero for all x (as this is) then all the coefficients must have been zero to start with. 
This gives us the following, 


(n+2)(n+1)a,,.+@,=0, n=0,1,2.... 


n+2 


This is called the recurrence relation and notice that we included the values of n for which it 
must be true. We will always want to include the values of n for which the recurrence relation is 
true since they won’t always start at 7 = 0 as it did in this case. 


Now let’s recall what we were after in the first place. We wanted to find a series solution to the 
differential equation. In order to do this we needed to determine the values of the a,’s. We are 
almost to the point where we can do that. The recurrence relation has two different a,’s in it so 
we can’t just solve this for a, and get a formula that will work for all 7. We can however, use this 
to determine what all but two of the a,’s are. 


To do this we first solve the recurrence relation for the a, that has the largest subscript. Doing 
this gives, 


a 
I u =0,1,2,... 
m2 (Cn $2)(n +) . 
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Now, at this point we just need to start plugging in some value of n and see what happens, 


n=0 4% “BHD n=l 4 “B)2) 
n=2 - 0) n=3 ) 

~ (4)(3)(2)0) ~ (5)(4)(3)(2) 
n=4 - (6) n=5 - (7)(6) ‘ 


k k 
ee) ci a ee peer a ye 
k)! (2k +1)! 


Notice that at each step we always plugged back in the previous answer so that when the 
subscript was even we could always write the a, in terms of aj and when the coefficient was odd 
we could always write the a, in terms of a;. Also notice that, in this case, we were able to find a 
general formula for a,,’s with even coefficients and a,’s with odd coefficients. This won’t always 
be possible to do. 


There’s one more thing to notice here. The formulas that we developed were only for k=/,2.... 
however, in this case again, they will also work for k=0. Again, this is something that won’t 
always work, but does here. 


Do not get excited about the fact that we don’t know what ao and a; are. As you will see, we 
actually need these to be in the problem to get the correct solution. 


Now that we’ve got formulas for the a,,’s let’s get a solution. The first thing that we’ll do is write 
out the solution with a couple of the a,’s plugged in. 


y(x)= Dia,x" 
n=0 


= Ay FAX AX FAX? +++ Ay x Fy KO te 
k k 
a a -l) a -l) a 
eee ae eee ae Pee) ome +... 
21" 3! (2k)! (2k +1)! 


The next step is to collect all the terms with the same coefficient in them and then factor out that 
coefficient. 
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is _1) x4 is _1)' 2! 
=e FD 


fs (2k)! 44 (2k 41)! 


In the last step we also used the fact that we knew what the general formula was to write both 
portions as a power series. This is also our solution. We are done. 


Before working another problem let’s take a look at the solution to the previous example. First, 
we Started out by saying that we wanted a series solution of the form, 


x)= > a,x" 
n=0 
and we didn’t get that. We got a solution that contained two different power series. Also, each of 
the solutions had an unknown constant in them. This is not a problem. In fact, it’s what we want 


to have happen. From our work with second order constant coefficient differential equations we 
know that the solution to the differential equation in the last example is, 


y(x) =c, cos(x) +c, sin(x) 


Solutions to second order differential equations consist of two separate functions each with an 
unknown constant in front of them that are found by applying any initial conditions. So, the form 
of our solution in the last example is exactly what we want to get. Also recall that the following 
Taylor series, 


oo (-1)" 2" & —1)' xa! 
il erm sin ( ae (2n+1)! 


n=0 


Recalling these we very quickly see that what we got from the series solution method was exactly 
the solution we got from first principles, with the exception that the functions were the Taylor 
series for the actual functions instead of the actual functions themselves. 


Now let’s work an example with nonconstant coefficients since that is where series solutions are 
most useful. 


Example 2 Find a series solution around x, =0 for the following differential equation. 

y" ne xy = 0 
Solution 
As with the first example p(x)=/ and so again for this differential equation every point is an 
ordinary point. Now we’ll start this one out just as we did the first example. Let’s write down 
the form of the solution and get its derivatives. 


= Ya,x" y'(x)= > na,x"" y"(x)= Yin(n —1)a,x"” 


n=0 n=l n=2 


Plugging into the differential equation gives, 
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Unlike the first example we first need to get all the coefficients moved into the series. 


vin (n- 1)a,x"" Dae =0 


n=2 


Now we will need to shift the first series down by 2 and the second series up by | to get both of 
the series in terms of x”. 


> ( n+2) (n+l)a Vain” da, a =O 
n=0 


Next we need to get the two series starting at the same value of n. The only way to do that for 
this problem is to strip out the n=0 term. 


(2)(1)a,x° +> (n+2)(n+1)a Gs da, x =) 


n=l 


aa |e =0 


n+2_ 


24, + D[(n+2)(n+1)a 


We now need to set all the coefficients equal to zero. We will need to be careful with this 
however. The n=0 coefficient is in front of the series and the n=/,2,3... are all in the series. So, 
setting coefficient equal to zero gives, 

n=0: 2a, =0 


n=1,2,3,... (n+2)(n+l)a a,,=9 


nt+2. “n— 


Solving the first as well as the recurrence relation gives, 


n=0: a, =0 


IAS. 13. —— —— 


Now we need to start plugging in values of 7. 


"BQ “-G) “Oa 
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k =1,2,3,::: ce1,233% k =0,1,2,--- 


a3, = 


There are a couple of things to note about these coefficients. First, every third coefficient is zero. 
Next, the formulas here are somewhat unpleasant and not all that easy to see the first time around. 
Finally, these formulas will not work for k=0 unlike the first example. 


Now, get the solution, 


— 2 3 4 3k 3k+1 
y(x) =a, +a,x+4,x° +4,X° +a,x +e + ay x + dy yx tee 


=a, ee ee i ee, 
— 2° @)BOO)-Gk-NBA) 
te aia 


(3)(4)(6)(7) GGT) 


Again, collect up the terms that contain the same coefficient, factor the coefficient out and write 
the results as a new series, 


y(x)=a, {1 


aaere-onaH Somecanarot 


We couldn’t start our series at k=0 this time since the general term doesn’t hold for k=0. 


Ms 


> 
IL 


Now, we need to work an example in which we use a point other that x=0. In fact, let’s just take 
the previous example and rework it for a different value of x». We’re also going to need to 
change up the instructions a little for this example. 


Example 3 Find the first four terms in each portion of the series solution around x, =—2 for 
the following differential equation. 
y"—xy=0 
Solution 
Unfortunately for us there is nothing from the first example that can be reused here. Changing to 
X) =—2 completely changes the problem. In this case our solution will be, 
y(x) = >oa, (x+2) 
n=0 
The derivatives of the solution are, 


y'(x)=¥ina, (x+2)"" y'(x)=Sin(n-1a, G2)? 


n=l n=2 


Plug these into the differential equation. 
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(ee) 


Yin(n—l)a, (x+2)"” -x> a, (x+2)" =0 


n=2 n=0 


We now run into our first real difference between this example and the previous example. In this 
case we can’t just multiply the x into the second series since in order to combine with the series it 
must be x+2. Therefore we will first need to modify the coefficient of the second series before 
multiplying it into the series. 


; n(n—l)a,(x+2)"°- (x+2- 2 Ya, ( x+2)" 
n=0 


Dn(—N)a, (+2) (x42) 9a, (42) ahah 
Ya(n-t)a (x+2)’ Dray 2)" +224 (x+2)' =0 


We now have three series to work with. This will often occur in these kinds of problems. Now 
we will need to shift the first series down by 2 and the second series up by | the get common 
exponents in all the series. 


\(n+2)(n+1)a,,1( x+2)'" Daal x+2)" +324, (x+2)' =0 
=0 


n=0 


In order to combine the series we will need to strip out the n=0 terms from both the first and third 
series. 


(ee) 


2a, + 2a, +¥'(n+2)(n4+1) a, (x+2)' 25 a. (x+2)" +) 2a, (x+2)' =0 
n=l 


n=l n= 


n+2— 


2a, + 2a, +> [(n+2)(n+1a 


n= 


oe +2a, |(x+2)’ =0 


Setting coefficients equal to zero gives, 
n=0 2a, +2a, =90 


n=1,2,3,... (n+2)(n+l)a +2a, =0 


n+2— a1 


We now need to solve both of these. In the first case there are two options, we can solve for a2 or 
we can solve for ap. Out of habit ll solve for ao. In the recurrence relation we’ll solve for the 
term with the largest subscript as in previous examples. 

n=0 a, =—a,y 


Gig 2a 
HN 2s! Gi. 
* (n+2)(n+1) 
Notice that in this example we won’t be having every third term drop out as we did in the 
previous example. 


At this point we’ll also acknowledge that the instructions for this problem are different as well. 
We aren’t going to get a general formula for the a,’s this time so we’ll have to be satisfied with 
just getting the first couple of terms for each portion of the solution. This is often the case for 
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series solutions. Getting general formulas for the a,’s is the exception rather than the rule in these 
kinds of problems. 


To get the first four terms we’ ll just start plugging in terms until we’ve got the required number 
of terms. Note that we will already be starting with an ao and an a; from the first two terms of the 
solution so all we will need are three more terms with an ap in them and three more terms with an 
a; in them. 


= 
Il 
fo) 
Ss 
N 
| 
| 
S 
Ss 


We’ve got two ao’s and one ay. 


n=l a, oo 
We’ve got three ay’s and two a,’s. 


a, = a, 2d, _ a, —2(-ay) eal ore 


(4)3) (4)3) 6 22 
We’ ve got four ao’s and three a;’s. We’ve got all the ao’s that we need, but we still need one 
more a;’. So, we’ll need to do one more term it looks like. 


3 
II 
N 


os) 
II 
ies) 


B= 2G _ 4 1 (4 “.) a 4 
* (5)(4) 20 «106 63) 15 30 
We’ve got five ao’s and four a;’s. We’ve got all the terms that we need. 
Now, all that we need to do is plug into our solution. 
»(x)= Qa, (x +2)" 
n=0 
=a +a,(x+2)+a,(x+2) +a,(x+2) +a,(x+2)° ta,(x+2) +5 


= ay+a(x42)—a5(x42) 42-4 )xa)4 


sal a (x+2)' 4p | ete (x+2) foes 
6. AZ 15 30 
Finally collect all the terms up with the same coefficient and factor out the coefficient to get, 


y(x) =a, {I-G+2) bo (x42) +2 (42)' (42) beth 


1 3 1 rare | 5 
a,\(x+2)-—(x+2) +—(x4+2) +—(x4+2) +: 
{(o42)—F(042) +b (x42) +d xray a] 
That’s the solution for this problem as far as we’re concerned. Notice that this solution looks 
nothing like the solution to the previous example. It’s the same differential equation, but 
changing x» completely changed the solution. 


Let’s work one final problem. 
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Example 4 Find the first four terms in each portion of the series solution around x, =0 for the 
following differential equation. 

(x? +1) y"—4xy' + 6y = 0) 
Solution 


We finally have a differential equation that doesn’t have a constant coefficient for the second 
derivative. 


p(x)=x' +1 p(0)=140 


So x, =0 is an ordinary point for this differential equation. We first need the solution and its 
derivatives, 


y(x)= Dia,x" y'(x)= Snax" y'(x)=Sin(n-la,x" 


n=0 n=l n=2 


Plug these into the differential equation. 


(x°41)in (n- 1)a,x" re ~4x nae +6 4 = 


n= 


Now, break up the first term into two so we can multiply the coefficient into the series and 
multiply the coefficients of the second and third series in as well. 


¥n(n-1)a,x" +¥on(n-la,x"” ~S4na,x" +5 6,2" =0 
n=2 n=l n=0 


n=2 


We will only need to shift the second series down by two to get all the exponents the same in all 
the series. 


Yn (n- 1) )a,x "+5 (n+2)(n+l)a Guinn ~ Yana, +60," =0 
n=2 


n=0 


At this point we could strip out some terms to get all the series starting at n=2, but that’s actually 
more work than is needed. Let’s instead note that we could start the third series at n=0 if we 
wanted to because that term is just zero. Likewise the terms in the first series are zero for both 
n=I1 and n=0 and so we could start that series at n=0. If we do this all the series will now start at 
n=0 and we can add them up without stripping terms out of any series. 


Y[n(n-1)a, +(n+2)(n+l)a,,,—4na, +6a, |x" =0 
n=0 


Y[ (0 -5n+6)a, +(n+2)(n+1)a,,, |x" (0) 


n=0 


Y[(n-2)(n—3)4, +(n42)(n+1)a,.. ]2" =0 


n=0 


Now set coefficients equal to zero. 


(n—2)(n—3)a,+(n+2)(n+l)a =0, n=0,1,2,... 


n+2 
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Solving this gives, 
—2)(n-3 
po Eee hi. 
(n+2)(n+1) 
Now, we plug in values of n. 
n=0 a, =—3a, 
1 
n=l: a: =a 
0 
n=2 a, io” =0 
n=3 as =a, 0 


Now, from this point on all the coefficients are zero. In this case both of the series in the solution 
will terminate. This won’t always happen, and often only one of them will terminate. 


The solution in this case is, 


y(x) =a, {1-3x7} +4, {x-3"} 


© 2007 Paul Dawkins 338 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


Euler Equations 


In this section we want to look for solutions to 
20" 


ax y"+bxy'+cy =0 (1) 


around x, =0. These type of differential equations are called Euler Equations. 


Recall from the previous section that a point is an ordinary point if the quotients, 


bx 5b c 
—=— and — 
ax” ax ax 


have Taylor series around x, =0. However, because of the x in the denominator neither of these 


will have a Taylor series around x, = 0 and so x, =0 isa singular point. So, the method from 
the previous section won’t work since it required an ordinary point. 


However, it is possible to get solutions to this differential equation that aren’t series solutions. 
Let’s start off by assuming that x>0 (the reason for this will be apparent after we work the first 
example) and that all solutions are of the form, 


y(x)=x (2) 


Now plug this into the differential equation to get, 
ax’ (r)(r-1)x"? + bx(r)x"* +cx" =0 
ar(r—1)x’ +b(r)x’ +cx’ =0 
(ar(r-1)+b(r)+c)x’ =0 


Now, we assumed that x>0 and so this will only be zero if, 
ar(r-1)+b(r)+c=0 (3) 
So solutions will be of the form (2) provided r is a solution to (3). This equation is a quadratic in 


r and so we will have three cases to look at : Real, Distinct Roots, Double Roots, and Complex 
Roots. 


Real, Distinct Roots 
There really isn’t a whole lot to do in this case. We’ll get two solutions that will form a 
fundamental set of solutions (we’ll leave it to you to check this) and so our general solution will 


be, 


y(x)=¢,x" +¢,x" 


Example 1 Solve the following IVP 
2x’ y" + 3xy'-15y =0, y(I)=0 yi(lj=1 
Solution 
We first need to find the roots to (3). 
2r(r—-1}+3r-15 =0 


2r* +r—15=(2r-5)(r+3) =0 = [eas 
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The general solution is then, 
5 = 
y(x) =cx?+¢,x° 


To find the constants we differentiate and plug in the initial conditions as we did back in the 
second order differential equations chapter. 


y'(x)= Sox" —3c,x~ 


The actual solution is then, 


With the solution to this example we can now see why we required x>0. The second term would 
have division by zero if we allowed x=0 and the first term would give us square roots of negative 
numbers if we allowed x<0. 


Double Roots 

This case will lead to the same problem that we’ve had every other time we’ve run into double 
roots (or double eigenvalues). We only get a single solution and will need a second solution. In 
this case it can be shown that the second solution will be, 


y2 (x) =x" Inx 
and so the general solution in this case is, 
y(x)=¢,x" +¢,x" Inx =x" (¢, +c, nx) 


We can again see a reason for requiring x>0. If we didn’t we'd have all sorts of problems with 
that logarithm. 


Example 2 Find the general solution to the following differential equation. 
xy" —Txy'+16y =0 

Solution 

First the roots of (3). 


r(r-1)-7r+16=0 
r’ —8r+16=0 
(r-4f=0 > r=4 


So the general solution is then, 
y (x) =¢cx*+¢,x*Inx 
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Complex Roots 
In this case we’ll be assuming that our roots are of the form, 


hy =AtMi 


If we take the first root we’ll get the following solution. 


At+gmi 
Pl 


This is a problem since we don’t want complex solutions, we only want real solutions. We can 
eliminate this by recalling that, 
7 Inx” _ rinx 


x =e" =e 


Plugging the root into this gives, 


Ati A+pi)Inx 


Xx = el 


= ef MeHilnx 
= eh (cos(/In x) +isin (In x)) 
= x* cos(winx)+ ix’ sin( ln x) 
Note that we had to use Euler formula as well to get to the final step. Now, as we’ve done every 


other time we’ve seen solutions like this we can take the real part and the imaginary part and use 
those for our two solutions. 


So, in the case of complex roots the general solution will be, 
y(x)=¢,x* cos(uInx)+c,x* sin( In x) = x* (¢, cos(wInx) +c, sin(w In x)) 


Once again we can see why we needed to require x>0. 


Example 3 Find the solution to the following differential equation. 
xy" +3xy'+4y =0 

Solution 

Get the roots to (3) first as always. 


r(r-1)+3r+4=0 
r+2rt4=0 = 7 =-1tV3i 


The general solution is then, 


ys) =0x- cos( V3 In x} +C,X" sin (3 In x) 


We should now talk about how to deal with x<0 since that is a possibility on occasion. To deal 
with this we need to use the variable transformation, 
a 


In this case since x<0 we will get 7>0. Now, define, 


u(n)=y(x)=¥(-1) 
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Then using the chain rule we can see that, 
u'(m)=—y'(x) and u"(7) = y"(x) 
With this transformation the differential equation becomes, 
a (-n) u" +b(—1)(-u')+cu=0 
anu" +bnu'+cu=0 
In other words, since 7>0 we can use the work above to get solutions to this differential equation. 


We’ll also go back to x’s by using the variable transformation in reverse. 
= —x 


Let’s just take the real, distinct case first to see what happens. 
Uu (77) =o" +¢e,7” 
p(x) =e (-x)' +e, (-x)" 


Now, we could do this for the rest of the cases if we wanted to, but before doing that let’s notice 
that if we recall the definition of absolute value, 


GB tO 
e=\ oo 
-x ifx<0 
we can combine both of our solutions to this case into one and write the solution as, 


n 


y(x)=¢,|x]" +0, |x d x#0 


Note that we still need to avoid x=0 since we could still get division by zero. However this is 
now a solution for any interval that doesn’t contain x=0. 


We can do likewise for the other two cases and the following solutions for any interval not 
containing x=0,. 
r r 
y(x) =¢, |x| BC, |x| In|>| 
a oe 
y(x) =¢, |x| cos ( / In |x) +¢, |x| sin (4/ In |x) 
We can make one more generalization before working one more example. A more general form 
of an Euler Equation is, 
2 
a(x-%x,) y"+b(x-x,)y'+cy =0 
and we can ask for solutions in any interval not containing x = x,. The work for generating the 
solutions in this case is identical to all the above work and so isn’t shown here. 


The solutions in this general case for any interval not containing x=a are, 


4 


y(x)=¢,|x-al’ +0, |x-a 
y(x)= |x —al’ (c, +¢, In|x—a]) 
y(x)=|x-al’ (Gi cos(zIn|x—al)+c, sin (In|x—al)) 


© 2007 Paul Dawkins 342 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


Where the roots are solutions to 


ar(r-1)+b(r)+c=0 


Example 4 Find the solution to the following differential equation on any interval not 
containing x=-6. 


3(x+6) y"+25(x+6)y'-16y =0 


Solution 
So we get the roots from the identical quadratic in this case. 


3r(r-1)+25r-16=0 
3r° +22r—-16=0 
(3r-—2)(r+8)=0 = r=—,r=-8 


The general solution is then, 


y(x) =c x —al? +C, |x—al* 
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Higher Order Differential Equations 


Introduction 


In this chapter we’re going to take a look at higher order differential equations. This chapter will 
actually contain more than most text books tend to have when they discuss higher order 
differential equations. 


We will definitely cover the same material that most text books do here. However, in all the 
previous chapters all of our examples were 2" order differential equations or 2 x 2 systems of 
differential equations. So, in this chapter we’re also going to do a couple of examples here 
dealing with 3" order or higher differential equations with Laplace transforms and series as well 
as a discussion of some larger systems of differential equations. 


Here is a brief listing of the topics in this chapter. 


Basic Concepts for n Order Linear Equations — We'll start the chapter off with a 
quick look at some of the basic ideas behind solving higher order linear differential 
equations. 


Linear Homogeneous Differential Equations — In this section we’ll take a look at 
extending the ideas behind solving 2" order differential equations to higher order. 


Undetermined Coefficients — Here we’|l look at undetermined coefficients for higher 
order differential equations. 


Variation of Parameters — We’ll look at variation of parameters for higher order 
differential equations in this section. 


Laplace Transforms — In this section we’re just going to work an example of using 
Laplace transforms to solve a differential equation on a 3" order differential equation just 
so say that we looked at one with order higher than 2™.. 


Systems of Differential Equations — Here we’|l take a quick look at extending the ideas 
we discussed when solving 2 x 2 systems of differential equations to systems of size 3x3. 


Series Solutions — This section serves the same purpose as the Laplace Transform 


section. It is just here so we can say we’ve worked an example using series solutions for 
a differential equations of order higher than 2". 
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Basic Concepts for n“ Order Linear Equations 


We’ll start this chapter off with the material that most text books will cover in this chapter. We 
will take the material from the Second Order chapter and expand it out to n™ order linear 
differential equations. As we’ll see almost all of the 2"! order material will very naturally extend 
out to n™ order with only a little bit of new material. 


So, let’s start things off here with some basic concepts for n™ order linear differential equations. 
The most general n™ order linear differential equation is, 


P(t) y+ Pa(t)y +--+ B() y+ R(t) y =G(1) (4) 
where you’ll hopefully recall that, 


(m) _ d”y 
Bs dx” 
() 


Many of the theorems and ideas for this material require that y‘’ has a coefficient of 1 and so if 


we divide out by P, (t) we get, 
V+ py (t)y +--+ a, (t)y'+ p(t) v= 8 (2) (5) 


As we might suspect an IVP for an n" order differential equation will require the following n 
initial conditions. 


HEH. PE)SIs oe 9 G)SRs (6) 


The following theorem tells us when we can expect there to be a unique solution to the IVP given 
by (2) and (3). 


Theorem 1 


Suppose the functions Py, P,,--+»P,,_; and g(t) are all continuous in some open interval J 


containing ¢, then there is a unique solution to the IVP given by (2) and (3) and the solution will 
exist for all ¢ in /. 


This theorem is a very natural extension of a similar theorem we saw in the 1“ order material. 


Next we need to move into a discussion of the n" order linear homogeneous differential equation, 
() 


y+ pa (thy +--+ p(t) y+ po(t)y =0 (7) 
Let’s suppose that we know jy, (t) V2 (t) guna NG (t) are all solutions to (4) then by the an 
extension of the Principle of Superposition we know that 
y(t)=ey,(t)+ ey, (t)+---+¢,y, (4) 


will also be a solution to (4). The real question here is whether or not this will form a general 
solution to (4). 
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In order for this to be a general solution then we will have to be able to find constants 
C,Cy,...,€, for any choice of ¢, (in the interval J from Theorem 1) and any choice of 


Vi» ¥o5+++»¥,- Or, in other words we need to be able to find c,,c,,...,c, that will solve, 
CY, (t))+6,¥, (t)) ++ +6,y, (t,) = Vp 
CY (ty) + enV (t,)+---+0,¥, (1, ) =y, 


ay? (G ) + cy) (i ) ce cy (5) =),-1 


Just as we did for 2"! order differential equations, we can use Cramer’s Rule to solve this and the 
denominator of each the answers will be the following determinant of an n x n matrix. 


Ji V2 as Vn 
yD, 
yee yr) (n-) 


As we did back with the 2™ order material we’ll define this to be the Wronskian and denote it 
by, 
yi a) ibe Vi 
Vi a) uv Yn 
W (¥5Voo--- I, )(t) = : ; : 


Now that we have the definition of the Wronskian out of the way we need to get back to the 
question at hand. Because the Wronskian is the denominator in the solution to each of the c, we 


can see that we’ll have a solution provided it is not zero for any value of ¢ =f, that we chose to 
evaluate the Wronskian at. The following theorem summarizes all this up. 


Theorem 2 


Suppose the functions Py), P,,--+»P,,_; are all continuous on the open interval J and further 
suppose that y, (ia, (2) eaey, (t) are all solutions to (4). If W (W5Vo5- vy )(t) #0 for every 
tin/ then y, ( t) 1V) (¢) ne (t) form a Fundamental Set of Solutions and the general solution 
to (4) is, 

y(t) =C), (t)+c,y, (t)+--+¢,y, (t) 


Recall as well that if a set of solutions form a fundamental set of solutions then they will also be a 
set of linearly independent functions. 


We'll close this section off with a quick reminder of how we find solutions to the 
nonhomogeneous differential equation, (2). We first need the n® order version of a theorem we 
saw back in the 2" order material. 
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Theorem 3 


Suppose that Y, (t) and Y, (t) are two solutions to (2) and that y, (6), (Os. ove (t) are a 
fundamental set of solutions to the homogeneous differential equation (4) then, 


¥()-%(Y) 


is a solution to (4) and it can be written as 
Viij-Y =a, (t)+o,y, (t)+---+c,y, (1) 


Now, just as we did with the 2™ order material if we let Y (t) be the general solution to (2) and if 


we let Y, (t) be any solution to (2) then using the result of this theorem we see that we must 
have, 

Y(t) =Cy), (t)+c,y, (t)+--+¢,y, (t) oe (t) =y. (t)+Y, (t) 
where, y. (t) =Cy, (t) Hey, (t) cea x oo (¢) is called the complementary solution and 


i (t) is called a particular solution. 
Over the course of the next couple of sections we’ll discuss the differences in finding the 
complementary and particular solutions for n" order differential equations in relation to what we 


know about 2™ order differential equations. We’ Il see that, for the most part, the methods are the 
same. The amount of work involved however will often be significantly more. 
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Linear Homogeneous Differential Equations 


As with 2" order differential equations we can’t solve a nonhomogeneous differential equation 
unless we can first solve the homogeneous differential equation. We’ll also need to restrict 
ourselves down to constant coefficient differential equations as solving non-constant coefficient 
differential equations is quite difficult and so we won’t be discussing them here. Likewise, we’ll 
only be looking at linear differential equations. 


So, let’s start off with the following differential equation, 


(n) (n-1) 


ay +a," ote t+ay +ay =0 


Now, assume that solutions to this differential equation will be in the form y (t) =e" and plug 
this into the differential equation and with a little simplification we get, 

e” (a,r" +4, roi tetart a, ) =0 
and so in order for this to be zero we’ll need to require that 

a,r"+a, yr" +:-+ar+a, =0 

This is called the characteristic polynomial/equation and its roots/solutions will give us the 
solutions to the differential equation. We know that, including repeated roots, an n™ degree 
polynomial (which we have here) will have n roots. So, we need to go through all the 
possibilities that we’ve got for roots here. 


This is where we start to see differences in how we deal with n" order differential equations 
versus 2™ order differential equations. There are still the three main cases: real distinct roots, 
repeated roots and complex roots (although these can now also be repeated as we’ Il see). In 2"¢ 
order differential equations each differential equation could only involve one of these cases. 
Now, however, that will not necessarily be the case. We could very easily have differential 
equations that contain each of these cases. 


For instance suppose that we have an 9" order differential equation. The complete list of roots 
could have 3 roots which only occur once in the list (i.e. real distinct roots), a root with 
multiplicity 4 (i.e. occurs 4 times in the list) and a set of complex conjugate roots (recall that 
because the coefficients are all real complex roots will always occur in conjugate pairs). 


So, for each n™ order differential equation we’ll need to form a set of n linearly independent 
functions (i.e. a fundamental set of solutions) in order to get a general solution. In the work that 
follows we’ll discuss the solutions that we get from each case but we will leave it to you to verify 
that when we put everything together to form a general solution that we do indeed get a 
fundamental set of solutions. Recall that in order to this we need to verify that the Wronskian is 
not zero. 


So, let’s get started with the work here. Let’s start off by assuming that in the list of roots of the 
characteristic equation we have 7,,7,,...,7, and they only occur once in the list. The solution 


from each of these will then be, 
ryt ryt r,t 
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There’s nothing really new here for real distinct roots. 


Now let’s take a look at repeated roots. The result here is a natural extension of the work we saw 
in the 2™ order case. Let’s suppose that r is a root of multiplicity k (i.e. r occurs k times in the list 
of roots). We will then get the following k solutions to the differential equation, 


e”, te”, visits t*e” 


So, for repeated roots we just add in a ¢ for each of the solutions past the first one until we have a 
total of k solutions. Again, we will leave it to you to compute the Wronskian to verify that these 
are in fact a set of linearly independent solutions. 


Finally we need to deal with complex roots. The biggest issue here is that we can now have 
repeated complex roots for 4" order or higher differential equations. We’ll start off by assuming 
that r = 2+ wi occurs only once in the list of roots. In this case we’ ll get the standard two 
solutions, 


e“cos(ut)  e“ sin( zt) 


Now let’s suppose that r = 2 + wi has a multiplicity of k (i.e. they occur k times in the list of 


roots). In this case we can use the work from the repeated roots above to get the following set of 
2k complex-valued solutions, 


(A+uilt k-1,(A+mi)t 


coe te 
kl (4-ni)t 


(A+i)t 
‘3 


e ,te 


(A-yi)t (A-pi)t 


e ,te P Scr 3 
The problem here of course is that we really want real-valued solutions. So, recall that in the case 
where they occurred once all we had to do was use Euler’s formula on the first one and then take 
the real and imaginary part to get two real valued solutions. We’ll do the same thing here and use 
Euler’s formula on the first set of complex-valued solutions above, split each one into its real and 
imaginary parts to arrive at the following set of 2k real-valued solutions. 


e“cos(ut), e“sin(ut), te“ cos(ut), te“sin(wt), +, 


te“ cos(ut), t* te” sin( yt) 
Once again we’ll leave it to you to verify that these do in fact form a fundamental set of solutions. 


Before we work a couple of quick examples here we should point out that the characteristic 
polynomial is now going to be at least a 3™ degree polynomial and finding the roots of these by 
hand is often a very difficult and time consuming process and in many cases if the roots are not 


rational (i.e. in the form a) it can be almost impossible to find them all by hand. To see a 
process for determining all the rational roots of a polynomial check out the Finding Zeroes of 


Polynomials page in my Algebra notes. In practice however, we usually use some form of 
computation aid such as Maple or Mathematica to find all the roots. 


So, let’s work a couple of example here to illustrate at least some of the ideas discussed here. 
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Example 1 Solve the following IVP. 
y—Sy"-22y'+56y=0 = y(0)=1_—y'(0)=-2_—y"(0)=-4 


Solution 
The characteristic equation is, 
r —5r*° —22r +56 =(rt+4)(r—2)(r-7) =0 > r=—4, r,=2, 7,=7 


So we have three real distinct roots here and so the general solution is, 
y(t)=ce" +c,e" +c,e" 


Differentiating a couple of times and applying the initial conditions gives the following system of 
equations that we’ll need to solve in order to find the coefficients. 


1=y(0)=c,+¢, +c, C=% 
=? = y'(0) =—4c,+2c,+7ec, > c, =8 
—4 = y"(0)=16c, + 4c, + 49c, c, =-# 


The actual solution iS then, 
14 ,,-4t 13 ,.2¢t 16 ,.7t 
y(t) 33 eC 15 eC 55 eC 


So, outside of needing to solve a cubic polynomial (which we left the details to you to verify) and 
needing to solve a system of 3 equations to find the coefficients (which we also left to you to fill 
in the details) the work here is pretty much identical to the work we did in solving a 2"! order 
IVP. 


Because the initial condition work is identical to work that we should be very familiar with to this 
point with the exception that it involved solving larger systems we’re going to not bother with 
solving IVP’s for the rest of the examples. The main point of this section is the new ideas 
involved in finding the general solution to the differential equation anyway and so we’ ll 
concentrate on that for the remaining examples. 


Also note that we’ll not be showing very much work in solving the characteristic polynomial. 
We are using computational aids here and would encourage you to do the same here. Solving 
these higher degree polynomials is just too much work and would obscure the point of these 
examples. 


So, let’s move into a couple of examples where we have more than one case involved in the 
solution. 


Example 2 Solve the following differential equation. 

2y +11y +18y"4+4y'-8y =0 
Solution 
The characteristic equation is, 


2r* +117? +187? +4r—8 =(2r-1)(r +2) =0 


So, we have two roots here, 7, = + and r, =—2 which is multiplicity of 3. Remember that we’ll 
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get three solutions for the second root and after the first one we add t’s only the solution until we 
reach three solutions. 


The general solution is then, 


tt = = = 
y(t)=ce? +c,e% +e,te% +¢,t’e 


Example 3 Solve the following differential equation. 

py) 412y 41049 +. 408y"41156y’ =0 
Solution 
The characteristic equation is, 


r>+12r* +1047? + 40877 +1156r = r(r? +6r+34) =0 


So, we have one real root 7 = 0 and a pair of complex roots r = —3+ 57 each with multiplicity 2. 


So, the solution for the real root is easy and for the complex roots we’ll get a total of 4 solutions, 
2 will be the normal solutions and two will be the normal solution each multiplied by t. 


The general solution is, 
y(t) =c, +c,e ” cos(St)+c,e” sin(5t)+c, te” cos(5t)+c, re” sin (St) 


Let’s now work an example that contains all three of the basic cases just to say that we that we’ve 
got one work here. 


Example 4 Solve the following differential equation. 

yp) 15 484°) —220y"+275y" -125y =0 
Solution 
The characteristic equation is 


r -15r* +84r° — 220? +2751 -125 =(r-1)(r-5) (r? -4r +5) =0 


In this case we’ve got one real distinct root, r =1, and double root, r =5 , anda pair of complex 
roots, 7 = 2+i that only occur once. 


The general solution is then, 
y(t)=ce'+ c,e" +c, te" +¢,e7" cos(t)+c,e” sin(t) 


We’ ve got one final example to work here that on the surface at least seems almost too easy. The 
problem here will be finding the roots as well see. 


Example 5 Solve the following differential equation. 
y +16y=0 

Solution 

The characteristic equation is 


r'+16=0 


So, a really simple characteristic equation. However, in order to find the roots we need to 
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compute the fourth root of -16 and that is something that most people haven’t done at this point in 
their mathematical career. We’ll just give the formula here for finding them, but if you’re 
interested in seeing a little more about this you might want to check out the Powers and Roots 
section of my Complex Numbers Primer. 


The 4 (and yes there are 4!) 4 roots of -16 can be found by evaluating the following, 


{16 =(-16)! = 4/16el%*?? = 2(cos(4 + 44) +isin(4+44)) k=0,1,2,3 


Note that each value of k will give a distinct 4" root of -16. Also, note that for the 4" root (and 
ONLY the 4" root) of any negative number all we need to do is replace the 16 in the above 
formula with the absolute value of the number in question and this formula will work for those as 
well. 


Here are the 4" roots of -16. 


k=0: 2(cos(4)+isin(4)) =2(4+4i)= V2 +iv2 

kai 2(cos (34) +isin(2¢+4t)) =2(-4+++) = —J2 +iV2 
k=2: 2(cos()+isin(S))=2(--i)=—V2 -iW2 
k=3: 2(cos(2*)+isin(72))=2(4-41)= v2 -iv2 


So, we have two sets of complex roots : r = v2 az iV2 and r= ar + id. The general 
solution is, 


y(t)= ce cos(2 1) poe” sin(V/27) +c,e" cos( 27) +¢,0% sin(V27) 


So, we’ve worked a handful of examples here of higher order differential equations that should 
give you a feel for how these work in most cases. 


There are of course a great many different kinds of combinations of the basic cases than what we 
did here and of course we didn’t work any case involving 6" order or higher, but once you’ve got 
an idea on how these work it’s pretty easy to see that they all work pretty in pretty much the same 
manner. The biggest problem with the higher order differential equations is that the work in 
solving the characteristic polynomial and the system for the coefficients on the solution can be 
quite involved. 
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Undetermined Coefficients 


We now need to start looking into determining a particular solution for n™ order differential 
equations. The two methods that we’ll be looking at are the same as those that we looked at in 
the 2" order chapter. 


In this section we’ll look at the method of Undetermined Coefficients and this will be a fairly 
short section. With one small extension, which we’ll see in the lone example in this section, the 
method is identical to what we saw back when we were looking at undetermined coefficients in 
the 2™ order differential equations chapter. 


Given the differential equation, 
y+ p(t)? +--+ p(t) y+ P(t) y = (0) 
if g (t) is an exponential function, polynomial, sine, cosine, sum/difference of one of these 


and/or a product of one of these then we guess the form of a particular solution using the same 
guidelines that we used in the 2™ order material. We then plug the guess into the differential 
equation, simplify and set the coefficients equal to solve for the constants. 


The one thing that we need to recall is that we first need the complementary solution prior to 
making our guess for a particular solution. If any term in our guess is in the complementary 
solution then we need to multiply the portion of our guess that contains that term by at. This is 
where the one extension to the method comes into play. With a 2" order differential equation the 


most we’d ever need to multiply by is ¢*. With higher order differential equations this may need 
to be more than f°. 


The work involved here is almost identical to the work we’ve already done and in fact it isn’t 
even that much more difficult unless the guess is particularly messy and that makes for more 
mess when we take the derivatives and solve for the coefficients. Because there isn’t much 
difference in the work here we’re only going to do a single example in this section illustrating the 
extension. So, let’s take a look at the lone example we’re going to do here. 


Example 1 Solve the following differential equation. 

yp) -12y"+48y'-64y =12-32e ™ +20 
Solution 
We first need the complementary solution so the characteristic equation is, 


r—12r?+48r-64=(r-4) =0 => ~~ r=4 (multiplicity 3) 


We’ve got a single root of multiplicity 3 so the complementary solution is, 


yz (t) = cen of c,te" te ete" 


Now, our first guess for a particular solution is, 
Y, = A+ Be“ +Ce™ 


Notice that the last term in our guess is in the complementary solution so we’ll need to add one at 
least one ¢ to the third term in our guess. Also notice that multiplying the third term by either ¢ or 
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t’ will result in a new term that is still in the complementary solution and so we’ll need to 


multiply the third term by f° in order to get a term that is not contained in the complementary 
solution. 


Our final guess is then, 

Y, = A+ Be“ +Cte™ 
Now all we need to do is take three derivatives of this, plug this into the differential equation and 
simplify to get (we’ll leave it to you to verify the work here), 


—644 —-1728Be +6Ce” =12—32e * +2e” 


Setting coefficients equal and solving gives, 


:  -644=12 A=-% 
e“: -1728B =-32 = B=t 
ev: 6C=2 C=1t 
A particular solution is then, 
Y,=-2t+4e% +4 re% 
The general solution to this differential equation is then, 
2,4t 3,4 


_ 4t 4t 3 1 ,-8t 1 
y(t)=ce* +c te" +0,¢’e” —Z+te" +ite 


Okay, we’ve only worked one example here, but remember that we mentioned earlier that with 
the exception of the extension to the method that we used in this example the work here is 
identical to work we did the 2" order material. 


© 2007 Paul Dawkins 355 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


Variation of Parameters 


We now need to take a look at the second method of determining a particular solution to a 
differential equation. As we did when we first saw Variation of Parameters we’ll go through the 
whole process and derive up a set of formulas that can be used to generate a particular solution. 


However, as we saw previously when looking at 2" order differential equations this method can 
lead to integrals that are not easy to evaluate. So, while this method can always be used, unlike 
Undetermined Coefficients, to at least write down a formula for a particular solution it is not 
always going to be possible to actually get a solution. 


So let’s get started on the process. We’ll start with the differential equation, 
y+ py s(t) x +--+ p(t) y+ Po(t) y= a(t) (1) 
and assume that we’ve found a fundamental set of solutions, y, (t) oe (0) se sae (t) , for the 


associated homogeneous differential equation. 


Because we have a fundamental set of solutions to the homogeneous differential equation we now 
know that the complementary solution is, 


y(t)= Q(t) +692 (+ +6,¥, (4) 


The method of variation of parameters involves trying to find a set of new functions, 
u, (t),u5 Ct) cosets (t) so that, 


Y(t)=u,(t)y,(t)+u,(t)y, (4) +--+, (t)y, (t) (2) 
will be a solution to the nonhomogeneous differential equation. In order to determine if this is 


possible, and to find the u, (t) if it is possible, we’ll need a total of n equations involving the 


unknown functions that we can (hopefully) solve. 


One of the equations is easy. The guess, (2), will need to satisfy the original differential equation, 
(1). So, let’s start taking some derivatives and as we did when we first looked at variation of 
parameters we’ll make some assumptions along the way that will simplify our work and in the 
process generate the remaining equations we’ ll need. 


The first derivative of (2) is, 
Y(t) =uy +uy, to +U,Y, + UY, +, t+ UY, 


Note that we rearranged the results of the differentiation process a little here and we dropped the 
(t) part on the u and y to make this a little easier to read. Now, if we keep differentiating this it 
will quickly become unwieldy and so let’s make as assumption to simplify things here. Because 
we are after the u, (t) we should probably try to avoid letting the derivatives on these become too 
large. So, let’s make the assumption that, 

uy tuy, + +U,y, =0 


The natural question at this point is does this even make sense to do? The answer is, if we end up 
with a system of 1 equations that we can solve for the u, (t) then yes it does make sense to do. 
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Of course, the other answer is, we wouldn’t be making this assumption if we didn’t know that it 
was going to work. However to accept this answer requires that you trust us to make the correct 
assumptions so maybe the first answer is the best at this point. 


At this point the first derivative of (2) is, 
Uy Uy Uy Uy 
Y (1) SUV, TUsVy He FU, 
and so we can now take the second derivative to get, 
Y"(t)=uyi+uyyy te + U,V, HUY HUY, to FUL, 


This looks an awful lot like the original first derivative prior to us simplifying it so let’s again 
make a simplification. We’ll again want to keep the derivatives on the u, (t) to a minimum so 
this time let’s assume that, 
UY) FUZY, to + UY, = 0 
and with this assumption the second derivative becomes, 
Y"(t) =p tuys te +U,Y, 


Hopefully you’re starting to see a pattern develop here. If we continue this process for the first 
n—| derivatives we will arrive at the following formula for these derivatives. 


YO (t)=myl? tunyy) +--+ u,y? dl | (3) 


n 


To get to each of these formulas we also had to assume that, 
my +uyyy) +--+uly) =0 k=0,1,...n-2 (4) 
and recall that the 0" derivative of a function is just the function itself. So, for example, 
0 
y(t)=y,(¢). 


Notice as well that the set of assumptions in (4) actually give us n—1 equations in terms of the 
derivatives of the unknown functions : u, (¢) a (t) ares (¢) ‘ 


All we need to do then is finish generating the first equation we started this process to find (i.e. 
plugging (2) into (1)). To do this we'll need one more derivative of the guess. Differentiating the 


t 7 ‘ . 3 ‘ 
(n = 1) derivative, which we can get from (3), to get the n™ derivative gives, 


YO) (t)= uy) tay +--+, yO tufy +ubyl) +--+ uly 


n n 


This time we’ll also not be making any assumptions to simplify this but instead just plug this 
along with the derivatives given in (3) into the differential equation, (1) 
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(n) (n) 


wy” uy) +.+u,y 


n 


+ Uy) + usyy) toe uy + 


Py a(t) my? +u yo? +e uy ] + 


P(t)[mytuyy, + +u,y, |+ 
Pp (t)[uy, +U,y, +-+u,y, |= 9(t) 


Next, rearrange this a little to get, 


uy] y+ y(t)" ++ p, (0) + P(t), |+ 


u,| v4 + p(t)? +--+ py (A) 72 + Po(t)y |+ 


u, | 6 + p(t) yO +--+ p, (t)ys + Pot)», |+ 


uly) + ubye 4--tuly = g(t) 


Recall that y, (t) Ve (t) sits Ve (t) are all solutions to the homogeneous differential equation and 
so all the quantities in the [ ] are zero and this reduces down to, 


uly) +ubyeD +--tuly? = g(t) 


So this equation, along with those given in (4), give us the 7 equations that we needed. Let’s list 
them all out here for the sake of completeness. 

Uy, tusy,+--+uly, =0 

uy tuy, + +U,y, = 0 

Uy) +Uyy; ++ +U,y, =0 


uy +usy) buy) =0 


1, (n-l 7 ae 1 (n-1 
uyt? tuyyy) +--+ ul yl? = g(t) 
So, we’ve got n equations, but notice that just like we got when we did this for 2"! order 


differential equations the unknowns in the system are not u, (t) sills (t) sacl (t) but instead they 


’ 
n 


are the derivatives, u/ (t) iu, (t) yeeegll (t) . This isn’t a major problem however. Provided we 


can solve this system we can then just integrate the solutions to get the functions that we’re after. 


Also, recall that the y, (t) V5 (t) ie Ve (t) are assumed to be known functions and so they 


along with their derivatives (which appear in the system) are all known quantities in the system. 


Now, we need to think about how to solve this system. If there aren’t too many equations we can 
just solve it directly if we want to. However, for large n (and it won’t take much to get large 
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here) that could be quite tedious and prone to error and it won’t work at all for general n as we 
have here. 


The best solution method to use at this point is then Cramer’s Rule. We’ve used Cramer’s Rule 
several times in this course, but the best reference for our purposes here is when we used it when 
we first defined Fundamental Sets of Solutions back in the 2"! order material. 


Upon using Cramer’s Rule to solve the system the resulting solution for each u’ will be a 


quotient of two determinants of 1 x n matrices. The denominator of each solution will be the 
determinant of the matrix of the known coefficients, 


J 2 ot Vn 

Vi Va Ds 

: : a =W (W2Voo--¥, )(t) 
yl) yr) ye) 


This however, is just the Wronskian of y, (t) a (t) ern a (t) as noted above and because we 
have assumed that these form a fundamental set of solutions we also know that the Wronskian 
will not be zero. This in turn tells us that the system above is in fact solvable and all of the 
assumptions we apparently made out of the blue above did in fact work. 

The numerators of the solution for u’ will be the determinant of the matrix of coefficients with 
the i column replaced with the column (0, 0,0,...,0,g (t)) . For example, the numerator for the 


first one, u/ is, 


Vo Vi 
0 yy, y, 
g(t) ye” ae 


Now, by a nice property of determinants if we factor something out of one of the columns of a 
matrix then the determinant of the resulting matrix will be the factor times the determinant of new 


matrix. In other words, if we factor g (t) out of this matrix we arrive at, 
0 Yo oc Wz O py. = 3 


0 ys F Oy = FF 


= g(t) 


g (t) ye) ae ye) 1 yr oe yo 


We did this only for the first one, but we could just as easily done this with any of the 7 solutions. 
So, let W, represent the determinant we get by replacing the i" column of the Wronskian with the 
column (0,0,0,...,0,1) and the solution to the system can then be written as, 
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Wow! That was a lot of effort to generate and solve the system but we’re almost there. With the 
solution to the system in hand we can now integrate each of these terms to determine just what 


the unknown functions, u, (t) st (t) ee (t) we’ ve after all along are. 


n= [2OMOa, 4, (2OBOa, », o,- (ONO. 


W(t) W(t) W(t) 


Finally, a particular solution to (1) is then given by, 


oe [OM Oae rly [LOMO arenes r [ena 


W(t) W(t) W(t) 


We should also note that in the derivation process here we assumed that the coefficient of the 


n 
yl ) 
term is not one then we’ll need to make sure and divide it out before trying to use this formula. 


term was a one and that has been factored into the formula above. If the coefficient of this 


Before we work an example here we really should note that while we can write this formula down 
actually computing these integrals may be all but impossible to do. 


Okay let’s take a look at a quick example. 


Example 1 Solve the following differential equation. 
y®) —2y"—21y'-18y =3+4e" 


Solution 
The characteristic equation is, 
r —2r? -21r-18 =(r +3)(r+1)(r-6) =0 => 7,=-3,7,=-1, r,=6 


So we have three real distinct roots here and so the complimentary solution is, 
y,(t)=ce™ +c,e°' +c,e" 


Okay, we’ve now got several determinants to compute. We’ll leave it to you to verify the 
following determinant computations. 
-3t -t 6t —t 6t 


e e e 0 e e 
W=|-3e -e' 6e% |=126e” W,=|0 -e‘’ 6e% |=7e" 

9e* e' 360% 1 e' 36e% 

e* C er 6 0 
W,=|3e" 0 6e% |=—9e* W,=|3e" -e* 0)=2e% 

9e"* 1 36e% Se" e' | 
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Now, given that g (¢) =3+4e we can compute each of the u ;- Here are those integrals. 


y= [Orselee) 


ti [3e% +4e” dt = +(e" +2e") 
18 18 


126e” 
3+4e“ )(—9e" 1 1 
u, = (ese = -7 Je +4dt= 7 (3e +4t) 
oe (3+4e)(2e“) _ 1 Jae ede 1 1 et te") 
126e” 63 63\ 2 F | 


Note that we didn’t include the constants of integration in each of these because including them 
would just have introduced a term that would get absorbed into the complementary solution just 
as we saw when we were dealing with 2" order differential equations. 


Finally, a particular solution for this differential equation is then, 
Yp =U, + Un, +Usy; 
= L(e™ +2e7 Je* - 4,(3e' + 41) e‘+ 4(-te* —ite” )e® 
=-1+5e'-ite" 
The general solution is then, 


y(t)=ce" +c,e% +c,e% —14+5e% -21e" 


We’re only going to do a single example in this section to illustrate the process more than 
anything so with that we'll close out this section. 
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Laplace Transforms 


There really isn’t all that much to this section. All we’re going to do here is work a quick 
example using Laplace transforms for a 3" order differential equation so we can say that we 
worked at least one problem for a differential equation whose order was larger than 2. 


Everything that we know from the Laplace Transforms chapter is still valid. The only new bit 
that we'll need here is the Laplace transform of the third derivative. We can get this from the 
general formula that we gave when we first started looking at solving IVP’s with Laplace 
transforms. Here is that formula, 


Liy"}=s°¥(s)—s’y(0)—sy'(0)—y"(0) 


Here’s the example for this section. 


Example 1 Solve the following IVP. 
y"—4y" =4t+3u,(t)e?, y(0)=-3 y'(0)=1 y"(0)=4 


Solution 
As always we first need to make sure the function multiplied by the Heaviside function has been 
properly shifted. 


y"—4y" =4t+3u,(t) et) 


It has been properly shifted and we can see that we’re shifting e’. All we need to do now is 
take the Laplace transform of everything, plug in the initial conditions and solve for Y (s) : 


Doing all of this gives, 


! " f 4 3 i 
s°Y(s)-s’y(0)-sy (0)-y (0)—4(s°¥(s)—sy(0)-y (0)) ae — 
4 3e° 
*—4s°)¥(s)+3s7 -13s = 
(s s°) (s)+ s Ss 2 cae 
4 3e°° 
(s°-4s")¥(s)=—5-38" +1384 —— 
4—35*+13s° 3e° 
a Be Vg ee 
(s ) (s) s° ree 


4-357 +135° 3e °° 
Eaten ea) 
Y(s)=F(s)+3e G(s) 


Now we need to partial fraction and inverse transform F(s) and G(s). We’ll leave it to you to 
verify the details. 


4—3s* +135" _ 28 4(#) 1(2) 
s‘(s-4)  s-4 5s ss? s' 


f(t)= Ge" — eset at et 


F(s\= 
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1 1 1 1 1 
= _ 144 225 400 20 
G ( s) a F: 2 


s’ (s—4)(s+5) s-4 sg+5 s 5 


—tloe*_ 1 e141 
g(t)=TWe Is © 700 ~ 204 


Okay, we can now get the solution to the differential equation. Starting with the transform we 
get, 

Y(s)=F(s)+3e°G(s) = y(t)=f (t)+3u, (t)g(t-6) 
where f(t) and g(t) are the functions shown above. 


Okay, there is the one Laplace transform example with a differential equation with order greater 
than 2. As you can see the work in identical except for the fact that the partial fraction work 
(which we didn’t show here) is liable to be messier and more complicated. 
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Systems of Differential Equations 


In this section we want to take a brief look at systems of differential equations that are larger than 
2x2. The problem here is that unlike the first few sections where we looked at n™ order 
differential equations we can’t really come up with a set of formulas that will always work for 
every system. So, with that in mind we’re going to look at all possible cases for a 3 x 3 system 
(leaving some details for you to verify at times) and then a couple of quick comments about 4 x 4 
systems to illustrate how to extend things out to even larger systems and then we’ll leave it to you 
to actually extend things out if you'd like to. 


We will also not be doing any actual examples in this section. The point of this section is just to 
show how to extend out what we know about 2 x 2 systems to larger systems. 


Initially the process is identical regardless of the size of the system. So, for a system of 3 
differential equations with 3 unknown functions we first put the system into matrix form, 

eS AX 
where the coefficient matrix, A, is a 3 x 3 matrix. We next need to determine the eigenvalues and 
eigenvectors for A and because A is a 3 x 3 matrix we know that there will be 3 eigenvalues 
(including repeated eigenvalues if there are any). 


This is where the process from the 2 x 2 systems starts to vary. We will need a total of 3 linearly 
independent solutions to form the general solution. Some of what we know from the 2 x 2 
systems can be brought forward to this point. For instance, we know that solutions corresponding 
to simple eigenvalues (i.e. they only occur once in the list of eigenvalues) will be linearly 
independent. We know that solutions from a set of complex conjugate eigenvalues will be 
linearly independent. We also know how to get a set of linearly independent solutions from a 
double eigenvalue with a single eigenvector. 


There are also a couple of facts about eigenvalues/eigenvectors that we need to review here as 
well. First, provided A has only real entries (which it always will here) all complex eigenvalues 
will occur in conjugate pairs (i.e. 2 = @ + #7) and their associated eigenvectors will also be 
complex conjugates of each other. Next, if an eigenvalue has multiplicity & > 2 (i.e. occurs at 
least twice in the list of eigenvalues) then there will be anywhere from | to x linearly independent 
eigenvectors for the eigenvalue. 


With all these ideas in mind let’s start going through all the possible combinations of eigenvalues 
that we can possibly have for a 3 x 3 case. Let’s also note that for a 3 x 3 system it is impossible 
to have only 2 real distinct eigenvalues. The only possibilities are to have 1 or 3 real distinct 
eigenvalues. 


Here are all the possible cases. 


3 Real Distinct Eigenvalues 
In this case we’ll have the real, distinct eigenvalues 2, # 1, # A, and their associated 
eigenvectors, 77,, 7, and 77, are guaranteed to be linearly independent and so the three linearly 


independent solutions we get from this case are, 
Ait Ant = 3t 


A 
en ee o) ae! 
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1 Real and 2 Complex Eigenvalues 


From the real eigenvalue/eigenvector pair, A, and 77,, we get one solution, 
At — 
em 


We get the other two solutions in the same manner that we did with the 2 x 2 case. If the 
eigenvalues are 1,,=a@+ fi with eigenvectors 7, and 7; = (7,) we can get two real-valued 
solution by using Euler’s formula to expand, 

7, =e PG, =e (cos (ft) +isin (ft) 7h, 
into its real and imaginary parts, 7 +iV. The final two real valued solutions we need are then, 


u v 


1 Real Distinct and 1 Double Eigenvalue with 1 Eigenvector 
From the real eigenvalue/eigenvector pair, 2, and 77,, we get one solution, 


his 
em 


From our work in the 2 x 2 systems we know that from the double eigenvalue 2, with single 


eigenvector, 77, , we get the following two solutions, 


At = Ant @ Ant = 
e° 7”, te E+e’ 0 


where é and must satisfy the following equations, 


(4-A,1)z =0 (4-A,1)p=6 


Note that the first equation simply tells us that é must be the single eigenvector for this 
eigenvalue, 77, , and we usually just say that the second solution we get from the double root case 
is, 


fe “,+e “Pp where / satisfies (4A-A,1) p=, 


1 Real Distinct and 1 Double Eigenvalue with 2 Linearly Independent Eigenvectors 
We didn’t look at this case back when we were examining the 2 x 2 systems but it is easy enough 


to deal with. In this case we’ll have a single real distinct eigenvalue/eigenvector pair, 2, and 77,, 
as well as a double eigenvalue 1, and the double eigenvalue has two linearly independent 


eigenvectors, 77, and 77. 


In this case all three eigenvectors are linearly independent and so we get the following three 


linearly independent solutions, 


Ait Ant + Ant = 
oth Ca Cas 


We are now out of the cases that compare to those that we did with 2 x 2 systems and we now 
need to move into the brand new case that we pick up for 3 x 3 systems. This new case involves 
eigenvalues with multiplicity of 3. As we noted above we can have 1, 2, or 3 linearly 
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independent eigenvectors and so we actually have 3 sub cases to deal with here. So let’s go 
through these final 3 cases for a 3 x 3 system. 


1 Triple Eigenvalue with 1 Eigenvector 
The eigenvalue/eigenvector pair in this case are 2 and 7. Because the eigenvalue is real we 
know that the first solution we need is, 


e"'7 


We can use the work from the double eigenvalue with one eigenvector to get that a second 
solution is, 


te“i+e"p where f satisfies (A-—AI) p =7j 


For a third solution we can take a clue from how we dealt with n" order differential equations 


with roots multiplicity 3. In those cases we multiplied the original solution by a ¢*. However, 
just as with the double eigenvalue case that won’t be enough to get us a solution. In this case the 
third solution will be, 


1 Pe E+ te“ pte T 
where €, J, and f# must satisfy, 
(A-Al)é =0 (A-Al) p=é (A-A1) i= p 


You can verify that this is a solution and the conditions by taking a derivative and plugging into 
the system. 


Now, the first condition simply tells us that e = 7 because we only have a single eigenvector 


here and so we can reduce this third solution to, 


24a At > At = 
Sen tte p+e' i 


where 9, and must satisfy, 

(A-Al) p=H (A-AI) i= p 
and finally notice that we would have solved the new first condition in determining the second 
solution above and so all we really need to do here is solve the final condition. 


As a final note in this case, the + is in the solution solely to keep any extra constants from 
appearing in the conditions which in turn allows us to reuse previous results. 


1 Triple Eigenvalue with 2 Linearly Independent Eigenvectors 
In this case we'll have the eigenvalue 2 with the two linearly independent eigenvectors 77, and 
7, So we get the following two linearly independent solutions, 
et! i, et! 7, 
We now need a third solution. The third solution will be in the form, 
t eWE ns et! p 
where E and © must satisfy the following equations, 
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(A-alé =0 (A-al) p=é 


We’ve already verified that this will be a solution with these conditions in the double eigenvalue 
case (that work only required a repeated eigenvalue, not necessarily a double one). 


However, unlike the previous times we’ve seen this we can’t just say that E is an eigenvector. In 


all the previous cases in which we’ve seen this condition we had a single eigenvector and this 
time we have two linearly independent eigenvectors. This means that the most general possible 
solution to the first condition is, 


§ =F, +07, 


This creates problems in solving the second condition. The second condition will not have 
solutions for every choice of c, and c, and the choice that we use will be dependent upon the 
eigenvectors. So upon solving the first condition we would need to plug the general solution into 
the second condition and then proceed to determine conditions on c, and c, that would allow us 
to solve the second condition. 


1 Triple Eigenvalue with 3 Linearly Independent Eigenvectors 
In this case we’ll have the eigenvalue A with the three linearly independent eigenvectors 77,, 77, , 


and 77, so we get the following three linearly independent solutions, 


At = At = At = 
em, ey e 7); 


4x 4 Systems 

We’ll close this section out with a couple of comments about 4 x 4 systems. In these cases we 
will have 4 eigenvalues and will need 4 linearly independent solutions in order to get a general 
solution. The vast majority of the cases here are natural extensions of what 3 x 3 systems cases 
and in fact will use a vast majority of that work. 


Here are a couple of new cases that we should comment briefly on however. With 4 x 4 systems 
it will now be possible to have two different sets of double eigenvalues and two different sets of 
complex conjugate eigenvalues. In either of these cases we can treat each one as a separate case 
and use our previous knowledge about double eigenvalues and complex eigenvalues to get the 
solutions we need. 


It is also now possible to have a “double” complex eigenvalue. In other words we can have 
A=at Pi each occur twice in the list of eigenvalues. The solutions for this case aren’t too 
bad. We get two solutions in the normal way of dealing with complex eigenvalues. The 
remaining two solutions will come from the work we did for a double eigenvalue. The work we 
did in that case did not require that the eigenvalue/eigenvector pair to be real. Therefore if the 
eigenvector associated with 2 =a@+ fi is 7 then the second solution will be, 


(a+Bi\t 


and once we’ve determined 9 we can again split this up into its real and imaginary parts using 
Euler’s formula to get two new real valued solutions. 
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Finally with 4 x 4 systems we can now have eigenvalues with multiplicity of 4. In these cases we 
can have 1, 2, 3, or 4 linearly independent eigenvectors and we can use our work with 3 x 3 
systems to see how to generate solutions for these cases. The one issue that you’ll need to pay 
attention to is the conditions for the 2 and 3 eigenvector cases will have the same complications 
that the 2 eigenvector case has in the 3 x 3 systems. 


So, we’ve discussed some of the issues involved in systems larger than 2 x 2 and it is hopefully 
clear that when we move into larger systems the work can be become vastly more complicated. 
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Series Solutions 


The purpose of this section is not to do anything new with a series solution problem. Instead it is 
here to illustrate that moving into a higher order differential equation does not really change the 
process outside of making it a little longer. 


Back in the Series Solution chapter we only looked at 2" order differential equations so we’re 
going to do a quick example here involving a 3" order differential equation so we can make sure 
and say that we’ve done at least one example with an order larger than 2. 


Example I Find the series solution around x, =0 for the following differential equation. 
y"+x'y'+xy=0 

Solution 

Recall that we can only find a series solution about x, = 0 if this point is an ordinary point, or in 


other words, if the coefficient of the highest derivative term is not zero at x, =0. That is clearly 


the case here so let’s start with the form of the solutions as well as the derivatives that we’ll need 
for this solution. 


v(x)= a,x" y (x)= ina,x”" y"(x)=¥in(n-1)(n-2)a,x"° 


n=0 n=1 n=3 


Plugging into the differential equation gives, 


¥in(n=1)(n=2)a,x"" +223 na,x"" +x) a,x" =0 


n=3 n=l n=0 


Now, move all the coefficients into the series and do appropriate shifts so that all the series are in 
terms of x”. 


Sin(n-1)(n—-2)a,x"? +> na,x""+ a,x" =, 


n=3 n=l n=0 
y(n +3)(n+2)(n+1)a,,,x" + y(n —l)a,_,x"+ Sia, 3" =0 
n=0 n=2 n=l 


Next, let’s notice that we can start the second series at nm =1 since that term will be zero. So let’s 
do that and then we can combine the second and third terms to get, 


Yi (n+3)(n+2)(n4+1)a,,,x" + V[(n—1+1 Ja, ,x" =0 
n= n=l 


>) (143) (n+2)(n4+1)a,,5x" + na, x" =() 


n=0 n=l 


So, we got a nice simplification in the new series that will help with some further simplification. 
The new second series can now be started at n = 0 and then combined with the first series to get, 


Y [ (n+3)(n+2)(n+])a,,, +na,,_, |x" =0 
0 


n= 
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We can now set the coefficients equal to get a fairly simply recurrence relation. 
(n+3)(n+2)(n+l)a +na,,=9 n=0,1,2,... 


n+3 
Solving the recurrence relation gives, 
Na, _y 


= =0,1,2,... 
“m8 ntl) (n+2)(n+3) ‘ 


Now we need to start plugging in values of 7 and this will be one of the main areas where we can 
see a somewhat significant increase in the amount of work required when moving into a higher 
order differential equation. 


n=0: a,=0 
"oh = BG)) 
Wa seca 
* (3)(4)(5) 
as GS a 
* (4)(5)(6) 
i On Ee = 
" (5)(6)(7) 
K=3% a= —L 29 


n=6: a Sas = Spat 

“DOD. DOAIDHE 
RaT CGS eGo CN) a 

"= (R(9(T0) — (4)(S)(6)(8)(9) 10) 

—8a, 

meS* 41 =ToyCOy(TH) 
ee ae -(5)(9)a 

» = Toyrjl2) 2) (7)(8)(10)(AIV(12) 
og 2 zloa -__~(2)(6) (10) 

» = Aj2)13) - BAEN(7)(8(9)(1) (12) (03) 
phic aa Ne -(3)(7)(N)a, 

"= (ray(13)(14) ~ (4)(3)(6)(8)(9)(10)(12)(13)(14) 


Okay, we can now break the coefficients down into 4 sub cases given by dy, , G4,,;5 A4,,. and 
a4,,, for k =0,1,2,3,... We'll give a semi-detailed derivation for a,, and then leave the rest to 
you with only couple of comments as they are nearly identical derivations. 
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First notice that all the a,, terms have a, in them and they will alternate in sign. Next notice 
that we can turn the denominator into a factorial, (4k)! to be exact, if we multiply top and 


bottom by the numbers that are already in the numerator and so this will turn these numbers into 
squares. Next notice that the product in the top will start at 1 and increase by 4 until we reach 
4k —3. So, taking all of this into account we get, 


es) we “0 123: 


and notice that this will only work starting with k =1 as we won’t get a, out of this formula as 


we should by plugging in k =0. 


Now, for a@,,,, the derivation is almost identical and so the formula is, 
k(m\2/-\2 2 
ifs MRA ING) 2) Ge Pa1bes, 
(4k +1)! 


and again notice that this won’t work for k =0 


The formula for a,,,, 18 again nearly identical except for this one note that we also need to 


multiply top and bottom by a 2 in order to get the factorial to appear in the denominator and so 
the formula here is, 


an (4k +2)! 


noticing yet one more time that this won’t work for k =0. 


ca Pe eee 


Finally, we have a,,,,=0 for k =0,1,2,3,... 


Now that we have all the coefficients let’s get the solution, 


- 2 3 Ak 4k4+1 4k+3 4k+3 ae 
V(X) HG) FG, X+4,X FA, Hebd XY Hag KO FA g XP tay yx + 


(1) (7 (5) (44-3) a ae, 


= 2 
= Ay taX+a,X° 0+ 


(4k)! 
(-1)' (2) (6) --(4k-2)° A ake 
(4k +1)! 
2(-1)' BY 7) (4E=N a ae 
(4k +2)! 


Collecting up the terms that contain the same coefficient (except for the first one in each case 
since the formula won’t work for those) and writing everything as a set of series gives us our 
solution, 


© 2007 Paul Dawkins 371 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


(4k)! 


ens (2) (6) (4k -2) ie 
a, pp crer eo. 


(4k +2)! 


So, there we have it. As we can see the work in getting formulas for the coefficients was a little 
messy because we had three formulas to get, but individually they were not as bad as even some 
of them could be when dealing with 2" order differential equations. Also note that while we got 
lucky with this problem and we were able to get general formulas for the terms the higher the 
order the less likely this will become. 
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Boundary Value Problems & Fourier Series 


Introduction 


In this chapter we’ll be taking a quick and very brief look at a couple of topics. The two main 
topics in this chapter are Boundary Value Problems and Fourier Series. We’ll also take a look at 
a couple of other topics in this chapter. The main point of this chapter is to get some of the basics 
out of the way that we’ll need in the next chapter where we’l take a look at one of the more 
common solution methods for partial differential equations. 


It should be pointed out that both of these topics are far more in depth than what we’ll be 
covering here. In fact you can do whole courses on each of these topics. What we’ll be covering 
here are simply the basics of these topics that well need in order to do the work in the next 
chapter. There are whole areas of both of these topics that we’ll not be even touching on. 


Here is a brief listing of the topics in this chapter. 


Boundary Value Problems — In this section we’ll define the boundary value problems as 
well as work some basic examples. 


Eigenvalues and Eigenfunctions — Here we’ll take a look at the eigenvalues and 
eigenfunctions for boundary value problems. 


Periodic Functions and Orthogonal Functions — We’1I take a look at periodic functions 
and orthogonal functions in section. 


Fourier Sine Series — In this section we'll start looking at Fourier Series by looking at a 
special case : Fourier Sine Series. 


Fourier Cosine Series — We’!] continue looking at Fourier Series by taking a look at 
another special case : Fourier Cosine Series. 


Fourier Series — Here we will look at the full Fourier series. 
Convergence of Fourier Series — Here we’ll take a look at some ideas involved in the 


just what functions the Fourier series converge to as well as differentiation and 
integration of a Fourier series. 
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Boundary Value Problems 


Before we start off this section we need to make it very clear that we are only going to scratch the 
surface of the topic of boundary value problems. There is enough material in the topic of 
boundary value problems that we could devote a whole class to it. The intent of this section is to 
give a brief (and we mean very brief) look at the idea of boundary value problems and to give 
enough information to allow us to do some basic partial differential equations in the next chapter. 


Now, with that out of the way, the first thing that we need to do is to define just what we mean by 
a boundary value problem (BVP for short). With initial value problems we had a differential 
equation and we specified the value of the solution and an appropriate number of derivatives at 
the same point (collectively called initial conditions). For instance for a second order differential 
equation the initial conditions are, 


V(t.) =M y'(b)=¥ 


With boundary value problems we will have a differential equation and we will specify the 
function and/or derivatives at different points, which we’Il call boundary values. For second 
order differential equations, which will be looking at pretty much exclusively here, any of the 
following can, and will, be used for boundary conditions. 


V(X) = Y(m)=y (1) 
V'(%) = YN V'(m)=y (2) 
V'(%) =o Y(m)=y (3) 
V(%)=N V(m)=y, (4) 


As mentioned above we’ll be looking pretty much exclusively at second order differential 
equations. We will also be restricting ourselves down to linear differential equations. So, for the 
purposes of our discussion here we’ll be looking almost exclusively at differential equations in 
the form, 


y"+ p(x)y'+ q(x) y=a(x) (5) 
along with one of the sets of boundary conditions given in (1) — (4). We will, on occasion, look 


at some different boundary conditions but the differential equation will always be on that can be 
written in this form. 


As we’ll soon see much of what we know about initial value problems will not hold here. We 
can, of course, solve (5) provided the coefficients are constant and for a few cases in which they 
aren’t. None of that will change. The changes (and perhaps the problems) arise when we move 
from initial conditions to boundary conditions. 


One of the first changes is a definition that we saw all the time in the earlier chapters. In the 
earlier chapters we said that a differential equation was homogeneous if g (x) = (0 forallx. Here 
we will say that a boundary value problem is homogeneous if in addition to g (x) =0 wealso 


have y, =0 and y, =0 (regardless of the boundary conditions we use). If any of these are not 
zero we will call the BVP nonhomogeneous. 
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It is important to now remember that when we say homogeneous (or nonhomogeneous) we are 
saying something not only about the differential equation itself but also about the boundary 
conditions as well. 


The biggest change that we’re going to see here comes when we go to solve the boundary value 
problem. When solving linear initial value problems a unique solution will be guaranteed under 
very mild conditions. We only looked at this idea for first order IVP’s but the idea does extend to 
higher order [VP’s. In that section we saw that all we needed to guarantee a unique solution was 
some basic continuity conditions. With boundary value problems we will often have no solution 
or infinitely many solutions even for very nice differential equations that would yield a unique 
solution if we had initial conditions instead of boundary conditions. 


Before we get into solving some of these let’s next address the question of why we’re even 
talking about these in the first place. As we’ll see in the next chapter in the process of solving 
some partial differential equations we will run into boundary value problems that will need to be 
solved as well. In fact, a large part of the solution process there will be in dealing with the 
solution to the BVP. In these cases the boundary conditions will represent things like the 
temperature at either end of a bar, or the heat flow into/out of either end of a bar. Or maybe they 
will represent the location of ends of a vibrating string. So, the boundary conditions there will 
really be conditions on the boundary of some process. 


So, with some of basic stuff out of the way let’s find some solutions to a few boundary value 
problems. Note as well that there really isn’t anything new here yet. We know how to solve the 
differential equation and we know how to find the constants by applying the conditions. The only 
difference is that here we’ll be applying boundary conditions instead of initial conditions. 


Example 1 Solve the following BVP. 


y'+4y=0 y(0)=-2 =}=10 


Solution 
Okay, this is a simple differential equation to solve and so we’ll leave it to you to verify that the 
general solution to this is, 


y(x) =c, cos(2x)+c, sin(2x) 
Now all that we need to do is apply the boundary conditions. 
—2= y(0) =C 
10=y (4) a: 


The solution is then, 
y(x) =-2cos(2x)+10sin (2x) 


We mentioned above that some boundary value problems can have no solutions or infinite 
solutions we had better do a couple of examples of those as well here. This next set of examples 
will also show just how small of a change to the BVP it takes to move into these other 
possibilities. 
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Example 2 Solve the following BVP. 
Aye y(0)=-2-y(2n)=-2 
Solution 
We’re working with the same differential equation as the first example so we still have, 


y(x) =c¢, cos(2x) +c, sin(2x) 


Upon applying the boundary conditions we get, 
—2=y (0) =¢C, 
2=y(2z)=c¢, 
So in this case, unlike previous example, both boundary conditions tell us that we have to have 


c, =—2 and neither one of them tell us anything about c,. Remember however that all we’re 


asking for is a solution to the differential equation that satisfies the two given boundary 
conditions and the following function will do that, 


y(x)=-2cos(2x)+c, sin(2x) 


In other words, regardless of the value of c, we get a solution and so, in this case we get 
infinitely many solutions to the boundary value problem. 


Example 3 Solve the following BVP. 

y"+4y=0 y(0)=-2 y(22) =3 
Solution 
Again, we have the following general solution, 


y(x) =c¢, cos(2x)+c, sin(2x) 


This time the boundary conditions give us, 
2=y(0)=¢, 
3= y(2z)=¢, 


In this case we have a set of boundary conditions each of which requires a different value of c, in 
order to be satisfied. This, however, is not possible and so in this case have no solution. 


So, with Examples 2 and 3 we can see that only a small change to the boundary conditions, in 
relation to each other and to Example 1, can completely change the nature of the solution. All 
three of these examples used the same differential equation and yet a different set of initial 
conditions yielded, no solutions, one solution, or infinitely many solutions. 


Note that this kind of behavior is not always unpredictable however. If we use the conditions 
y (0) and y (27) the only way we’ll ever get a solution to the boundary value problem is if we 


have, 
y(0)=a y(2x)=a 
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for any value of a. Also, note that if we do have these boundary conditions we’ll in fact get 
infinitely many solutions. 


All the examples we’ve worked to this point involved the same differential equation and the same 
type of boundary conditions so let’s work a couple more just to make sure that we’ve got some 
more examples here. Also, note that with each of these we could tweak the boundary conditions 
a little to get any of the possible solution behaviors to show up (i.e. zero, one or infinitely many 
solutions). 


Example 4 Solve the following BVP. 

y"+3y=0 y(0)=7 y(2x)=0 
Solution 
The general solution for this differential equation is, 


y(x)=c, cos(V3 x) +C, sin(/3 x) 


Applying the boundary conditions gives, 
7= y(0) =¢, 
0=y(2z)=<¢, cos(2V3 rz) +C, sin(2V3 | = ae ore! cot (2V3 rz) 


In this case we get a single solution, 


y(x)= 7c0s(4/3 x)-7cot(2V3 7)sin(V/3 x) 


Example 5 Solve the following BVP. 
y’+25y=0 y'(0)=6 y'(z)=-9 
Solution 
Here the general solution is, 
y(x)=c¢, cos(5x)+c, sin(5x) 
and we’ll need the derivative to apply the boundary conditions, 
y' (x) =—Se, sin (5x) + 5c, cos (5x) 


Applying the boundary conditions gives, 
6=y'(0)=5e, = C= 


-9=y'(z) =—Se, = es 


This is not possible and so in this case have no solution. 


All of the examples worked to this point have been nonhomogeneous because at least one of the 
boundary conditions have been non-zero. Let’s work one nonhomogeneous example where the 
differential equation is also nonhomogeneous before we work a couple of homogeneous 
examples. 
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Example 6 Solve the following BVP. 
5 
y"+9y =cosx y'(0)=5 =)--§ 


Solution 
The complementary solution for this differential equation is, 


y. (x)=, cos(3.x) +c, sin(3x) 


Using Undetermined Coefficients or Variation of Parameters it is easy to show (we’ll leave the 
details to you to verify) that a particular solution is, 


Y, (x)= {cos x 


The general solution and its derivative (since we’|l need that for the boundary conditions) are, 
y(x)=c, cos(3x)+c, sin(3x)+ cos x 


y' (x) =—3e, sin (3 x)+3c, cos(3.x)—4sin x 


Applying the boundary conditions gives, 


5 = y'(0) =3c, => c, =4 
—3=y(S)=-¢, = C, =F 
The boundary conditions then tell us that we must have c, = 3 and they don’t tell us anything 


about c, and so it is can be arbitrarily chosen. The solution is then, 
y(x) =c, cos(3.x)+$sin(3x)+}cos x 
and there will be infinitely many solutions to the BVP. 


Let’s now work a couple of homogeneous examples that will also be helpful to have worked once 
we get to the next section. 


Example 7 Solve the following BVP. 

y"+4y=0 y(0)=0 y(2z) =0 
Solution 
Here the general solution is, 


y(x) =c, cos(2x) +c, sin(2x) 
Applying the boundary conditions gives, 


0=y(0)=<, 
0=y(2z) =¢, 


So c, 1s arbitrary and the solution is, 


y(x)=c, sin(2x) 
and in this case we’ll get infinitely many solutions. 
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Example 8 Solve the following BVP. 

y"’+3y=0 y(0)=0 y(2x) =0 
Solution 
The general solution in this case is, 


y(x)=c, cos(V3 x) +C, sin (3 x) 


Applying the boundary conditions gives, 


0= y(0) =¢, 
0=y(2z)=c, sin(2V3 7) =>. ep 0 
In this case we found both constants to be zero and so the solution is, 


y(x)=0 


In the previous example the solution was y (x) =0. Notice however, that this will always be a 


solution to any homogenous system given by (5) and any of the (homogeneous) boundary 
conditions given by (1) — (4). Because of this we usually call this solution the trivial solution. 
Sometimes, as in the case of the last example the trivial solution is the only solution however we 
generally prefer solutions to be non-trivial. This will be a major idea in the next section. 


Before we leave this section an important point needs to be made. In each of the examples, with 
one exception, the differential equation that we solved was in the form, 
y’+Ay=0 


The one exception to this still solved this differential equation except it was not a homogeneous 
differential equation and so we were still solving this basic differential equation in some manner. 


So, there are probably several natural questions that can arise at this point. Do all BVP’s involve 
this differential equation and if not why did we spend so much time solving this one to the 
exclusion of all the other possible differential equations? 


The answers to these questions are fairly simple. First, this differential equation is most 
definitely not the only one used in boundary value problems. It does however exhibit all of the 
behavior that we wanted to talk about here and has the added bonus of being very easy to solve. 
So, by using this differential equation almost exclusively we can see and discuss the important 
behavior that we need to discuss and frees us up from lots of potentially messy solution details 
and or messy solutions. We will, on occasion, look at other differential equations in the rest of 
this chapter, but we will still be working almost exclusively with this one. 


There is another important reason for looking at this differential equation. When we get to the 
next chapter and take a brief look at solving partial differential equations we will see that almost 
every one of the examples that we’ll work there come down to exactly this differential equation. 
Also, in those problems we will be working some “real” problems that are actually solved in 
places and so are not just “made up” problems for the purposes of examples. Admittedly they 
will have some simplifications in them, but they do come close to realistic problem in some cases. 
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Eigenvalues and Eigenfunctions 


As we did in the previous section we need to again note that we are only going to give a brief 
look at the topic of eigenvalues and eigenfunctions for boundary value problems. There are quite 
a few ideas that we’ll not be looking at here. The intent of this section is simply to give you an 
idea of the subject and to do enough work to allow us to solve some basic partial differential 
equations in the next chapter. 


Now, before we start talking about the actual subject of this section let’s recall a topic from 
Linear Algebra that we briefly discussed previously in these notes. For a given square matrix, A, 
if we could find values of 2 for which we could find nonzero solutions, i.e. x #0, to, 

AX =AX 
then we called 2 an eigenvalue of A and X was its corresponding eigenvector. 


It’s important to recall here that in order for 4 to be an eigenvalue then we had to be able to find 
nonzero solutions to the equation. 


So, just what does this have to do with boundary value problems? Well go back to the previous 
section and take a look at Example 7 and Example 8. In those two examples we solved 
homogeneous (and that’s important!) BVP’s in the form, 


y"’+Ay=0 y(0)=0 y(22) =0 (1) 


In Example 7 we had / = 4 and we found nontrivial (i.e. nonzero) solutions to the BVP. In 
Example 8 we used 4 =3 and the only solution was the trivial solution (i.e. y (t) =0). So, this 
homogeneous BVP (recall this also means the boundary conditions are zero) seems to exhibit 


similar behavior to the behavior in the matrix equation above. There are values of / that will 
give nontrivial solutions to this BVP and values of / that will only admit the trivial solution. 


So, for those values of 2 that give nontrivial solutions we’ll call 4 an eigenvalue for the BVP 
and the nontrivial solutions will be called eigenfunctions for the BVP corresponding to the given 
eigenvalue. 


We now know that for the homogeneous BVP given in (1) 2 =4 is an eigenvalue (with 
eigenfunctions y (x) =c, sin (2x)) and that 2 = 3 is not an eigenvalue. 


Eventually we’ll try to determine if there are any other eigenvalues for (1), however before we do 
that let’s comment briefly on why it is so important for the BVP to be homogeneous in this 
discussion. In Example 2 and Example 3 of the previous section we solved the homogeneous 
differential equation 


y"+4y=0 
with two different nonhomogeneous boundary conditions in the form, 


y(0)=a y(2x)=b 


In these two examples we saw that by simply changing the value of a and/or b we were able to 
get either nontrivial solutions or to force no solution at all. In the discussion of 
eigenvalues/eigenfunctions we need solutions to exist and the only way to assure this behavior is 
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to require that the boundary conditions also be homogeneous. In other words, we need for the 
BVP to be homogeneous. 


There is one final topic that we need to discuss before we move into the topic of eigenvalues and 
eigenfunctions and this is more of a notational issue that will help us with some of the work that 
we’ ll need to do. 


Let’s suppose that we have a second order differential equations and its characteristic polynomial 
has two real, distinct roots and that they are in the form 


=a h=-a 


Then we know that the solution is, 
ax 


x = 
y(x)=ce"* +c,e°* =ce** +c,e 


While there is nothing wrong with this solution let’s do a little rewriting of this. We’ll start by 
splitting up the terms as follows, 


y(x)=ce™ +c,e° 


ax 


Now we’ll add/subtract the following terms (note we’re “mixing” the c, and +q@ up in the new 
terms) to get, 


Next, rearrange terms around a little, 


a a 


1 ax -ax ax -ax 1 ax -ax ax -ax 
»(x)=F(ce +ce **+c,e°* +c,e )+5lae —ce **—c,e** +c,e ) 


Finally, the quantities in parenthesis factor and we’ll move the location of the fraction as well. 
Doing this, as well as renaming the new constants we get, 


ee* +e %* Ox er ee 
v(x) =(¢, +6) +(4,-e) 
ee* +e %* e?* -e 7% 
=z, +, 
2 2 


All this work probably seems very mysterious and unnecessary. However there really was a 
reason for it. In fact, you may have already seen the reason, at least in part. The two “new” 
functions that we have in our solution are in fact two of the hyperbolic functions. In particular, 


cosh (x) pees sinh (x) = — 


So, another way to write the solution to a second order differential equation whose characteristic 
polynomial has two real, distinct roots in the form 4 =@, 7, =—a is, 
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y(x) =c¢, cosh(a@ x)+c, sinh (ax) 
Having the solution in this form for some (actually most) of the problems we’ll be looking will 
make our life a lot easier. The hyperbolic functions have some very nice properties that we can 


(and will) take advantage of. 


First, since we’ll be needing them later on, the derivatives are, 


(cosh(x)) = sinh (x) (sinh (x)) = cosh (x) 


Next let’s take a quick look at the graphs of these functions. 


y=cosh x 
¥ 


6 
5 
4 
3 
2 


Note that cosh (0) =1 and sinh (0) =(). Because we’ll often be working with boundary 


conditions at x =0 these will be useful evaluations. 


Next, and possibly more importantly, let’s notice that cosh (x) >0 for all x and so the 


hyperbolic cosine will never be zero. Likewise, we can see that sinh (x) =0 only if x=0. We 


will be using both of these facts in some of our work so we shouldn’t forget them. 


Okay, now that we’ve got all that out of the way let’s work an example to see how we go about 
finding eigenvalues/eigenfunctions for a BVP. 


Example 1 Find all the eigenvalues and eigenfunctions for the following BVP. 

y"’+Ay=0 y(0)=0 y(2z) =0 
Solution 
We started off this section looking at this BVP and we already know one eigenvalue (2 = 4) and 
we know one value of / that is not an eigenvalue (A =3). As we go through the work here we 
need to remember that we will get an eigenvalue for a particular value of 2 if we get non-trivial 
solutions of the BVP for that particular value of 1. 


In order to know that we’ve found all the eigenvalues we can’t just start randomly trying values 
of 4 to see if we get non-trivial solutions or not. Luckily there is a way to do this that’s not too 
bad and will give us all the eigenvalues/eigenfunctions. We are going to have to do some cases 
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however. The three cases that we will need to look at are: 2 >0, A=0,and A<0. Each of 
these cases gives a specific form of the solution to the BVP to which we can then apply the 
boundary conditions to see if we'll get non-trivial solutions or not. So, let’s get started on the 
cases. 


A> 
In this case the characteristic polynomial we get from the differential equation is, 


r°'+A=0 = Rg =tv-A 


So 


In this case since we know that 2 > 0 these roots are complex and we can write them instead as, 
Ky =tv4i 


The general solution to the differential equation is then, 


y(x)=¢, cos(VA x) +e, sin(V/2 x) 


Applying the first boundary condition gives us, 
O=y (0) =¢, 


So, taking this into account and applying the second boundary condition we get, 


0=y(27)=c, sin(2xVA 


This means that we have to have one of the following, 


c, =0 or sin(2xVA)=0 


However, recall that we want non-trivial solutions and if we have the first possibility we will get 
the trivial solution for all values of 2 > 0. Therefore let’s assume that c, #0. This means that 


we have, 


sin(2xVA) =0 > QnVA =nx n=1,2,3,... 


In other words, taking advantage of the fact that we know where sine is zero we can arrive at the 
second equation. Also note that because we are assuming that 2 > 0 we know that 


QnVa > Oand so n can only be a positive integer for this case. 


Now all we have to do is solve this for 2 and we’ll have all the positive eigenvalues for this 
BVP. 


The positive eigenvalues are then, 
2 2 
2,-(4) =e n=1,2,3,... 


and the eigenfunctions that correspond to these eigenvalues are, 
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v4 (+) =sin( 2) WAI x. 


Note that we subscripted an n on the eigenvalues and eigenfunctions to denote the fact that there 
is one for each of the given values of n. Also note that we dropped the c, on the eigenfunctions. 


For eigenfunctions we are only interested in the function itself and not the constant in front of it 
and so we generally drop that. 


Let’s now move into the second case. 


Ne 


=0 
In this case the BVP becomes, 
y'=0 y(0)=0 y(2x) =0 
and integrating the differential equation a couple of times gives us the general solution, 
y (x) =C,+0,x 


Applying the first boundary condition gives, 
0O=y (0) =¢, 


Applying the second boundary condition as well as the results of the first boundary condition 
gives, 


0= y(2z) =2¢,4 


Here, unlike the first case, we don’t have a choice on how to make this zero. This will only be 
zero if c, =0. 


Therefore, for this BVP (and that’s important), if we have 2 = 0 the only solution is the trivial 
solution and so 2 =0 cannot be an eigenvalue for this BVP. 


Now let’s look at the final case. 


A<0 


In this case the characteristic equation and its roots are the same as in the first case. So, we know 


that, 
hy =tv-A 


However, because we are assuming / < 0 here these are now two real distinct roots and so using 
our work above for these kinds of real, distinct roots we know that the general solution will be, 


Oa eres cosh(V-A x) +, sinh (/-2 x) 


Note that we could have used the exponential form of the solution here, but our work will be 
significantly easier if we use the hyperbolic form of the solution here. 


Now, applying the first boundary condition gives, 
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0 = y(0) =¢, cosh(0)+c, sinh(0) =c, (1) +¢,(0)=<«, =e 4) 


Applying the second boundary condition gives, 


0= y(2z) =C, sinh (22-2 


Because we are assuming 1 <0 we know that 27V—/ #0 and so we also know that 
sinh (22-2 ) #0. Therefore, much like the second case, we must have c, = 0. 


So, for this BVP (again that’s important), if we have 1 <0 we only get the trivial solution and so 
there are no negative eigenvalues. 


In summary then we will have the following eigenvalues/eigenfunctions for this BVP. 


2 
ae v4 (+) =sin( 2) n=1,2,3,... 


Let’s take a look at another example with slightly different boundary conditions. 


Example 2 Find all the eigenvalues and eigenfunctions for the following BVP. 
y"+Ay=0 y'(0)=0 y'(2x) =0 

Solution 

Here we are going to work with derivative boundary conditions. The work is pretty much 


identical to the previous example however so we won’t put in quite as much detail here. We’ll 
need to go through all three cases just as the previous example so let’s get started on that. 


A>O 


The general solution to the differential equation is identical to the previous example and so we 


have, 
y(x)=¢, cos(VA x) +e, sin(V/7 x) 


Applying the first boundary condition gives us, 
0=y'(0)=Vic, = C0 


Recall that we are assuming that 2 > 0 here and so this will only be zero if c, =0. Now, the 
second boundary condition gives us, 


0=y'(27)= Vic, sin(2xVA 


Recall that we don’t want trivial solutions and that 2 > 0 so we will only get non-trivial solution 
if we require that, 


sin(2xVA) =0 => InJA =nx n=1,2,3,... 
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Solving for 2 and we see that we get exactly the same positive eigenvalues for this BVP that we 
got in the previous example. 


2 2 
A -(2) ae eis ec ae 


The eigenfunctions that correspond to these eigenvalues however are, 


7, (8) =005{ 4 n=1,2,3,... 


So, for this BVP we get cosines for eigenfunctions corresponding to positive eigenvalues. 


Now the second case. 


A=0 


The general solution is, 


y(x) =C, +C,X 


Applying the first boundary condition gives, 


0=y'(0)=c, 
Using this the general solution is then, 
Na (x ) =i 
and note that this will trivially satisfy the second boundary condition, 
0=y'(27)=0 


Therefore, unlike the first example, 2 = 0 is an eigenvalue for this BVP and the eigenfunctions 
corresponding to this eigenvalue is, 


y(x)=1 
Again, note that we dropped the arbitrary constant for the eigenfunctions. 


Finally let’s take care of the third case. 


A< 


The general solution here is, 


y(x)=e, cosh(J=2 x)-+e, sinh(/-2 x) 


oO 


Applying the first boundary condition gives, 
0=y'(0)=V-A c, sinh(0)+ —A Cy cosh(0) = V-/ c, => C=) 


Applying the second boundary condition gives, 


0=y'(27)= V-A¢, sinh (22-2 
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As with the previous example we again know that 27-/—/A #0 and so sinh (27 =A) #0. 


Therefore, we must have c, = 0. 


So, for this BVP we again have no negative eigenvalues. 


In summary then we will have the following eigenvalues/eigenfunctions for this BVP. 


2 
A= 7, (3) =005{ 4 W123 x. 
A, =90 y(x)=1 


Notice as well that we can actually combine these if we allow the list of v’s for the first one to 
start at zero instead of one. This will often not happen, but when it does we’ll take advantage of 
it. So the “official” list of eigenvalues/eigenfunctions for this BVP is, 


A, =— v4 (3) =005{ 4 n=0,1,2,3,... 


So, in the previous two examples we saw that we generally need to consider different cases for A 
as different values will often lead to different general solutions. Do not get too locked into the 
cases we did here. We will mostly be solving this particular differential equation and so it will be 
tempting to assume that these are always the cases that we’ll be looking at, but there are BVP’s 
that will require other/different cases. 


Also, as we saw in the two examples sometimes one or more of the cases will not yield any 
eigenvalues. This will often happen, but again we shouldn’t read anything into the fact that we 
didn’t have negative eigenvalues for either of these two BVP’s. There are BVP’s that will have 
negative eigenvalues. 


Let’s take a look at another example with a very different set of boundary conditions. These are 
not the traditional boundary conditions that we’ve been looking at to this point, but we’ll see in 
the next chapter how these can arise from certain physical problems. 


Example 3 Find all the eigenvalues and eigenfunctions for the following BVP. 

y"+Ay=0 y(-t)=y(z) — y'(-a)=y'(z) 
Solution 
So, in this example we aren’t actually going to specify the solution or its derivative at the 
boundaries. Instead we’ll simply specify that the solution must be the same at the two boundaries 
and the derivative of the solution must also be the same at the two boundaries. Also, this type of 
boundary condition will typically be on an interval of the form [-L,L] instead of [0,L] as we’ve 
been working on to this point. 


As mentioned above these kind of boundary conditions arise very naturally in certain physical 
problems and we’ll see that in the next chapter. 


As with the previous two examples we still have the standard three cases to look at. 


© 2007 Paul Dawkins 387 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


A> 


The general solution for this case is, 


y(x)=¢, cos(VA x) +e, sin( V2 x) 


oO 


Applying the first boundary condition and using the fact that cosine is an even function 
(i.e. cos (—x) = cos(x)) and that sine is an odd function (i.e. sin (—x) = —sin(x) ). gives us, 


é, cos(-2V2) +e, sin(-2 V2) =c, cos(rV2) +e, sin(2VA) 
a cos(xV2)-c, sin(xV2) =¢, cos(rV2) +0, sin(z A) 
aC; sin(xV2) =C, sin(xVA) 
0 = 2c, sin(zV2) 


This time, unlike the previous two examples this doesn’t really tell us anything. We could have 


sin (2a =0 but it is also completely possible, at this point in the problem anyway, for us to 


have c, =0 as well. 


So, let’s go ahead and apply the second boundary condition and see if we get anything out of that. 


—Vi¢, sin(-1V2)+ Ac, cos(-2V2)=-V2 ¢, sin(2V2)+ V2 ¢, cos(2V2) 
Vie, sin(zV/2)+V2 c, cos(zV/2)=—-V2 ¢, sin(zVA) +26, cos(zV2) 
Vie, sin(zV2)=—V2 ¢, sin(zVA) 
2V2e, sin(2V2)=0 


So, we get something very similar to what we got after applying the first boundary condition. 


Since we are assuming that 1 > 0 this tells us that either sin(aVa =0 orc, =0. 


Note however that if sin (Va #0 then we will have to have C=C, = 0 and we’ll get the 


trivial solution. We therefore need to require that sin (xVa =0 and so just as we’ve done for 


the previous two examples we can now get the eigenvalues, 


aNd =nn > Az=n’ n=1,2,3.... 


Recalling that 2 >0 and we can see that we do need to start the list of possible n’s at one instead 
of zero. 


So, we now know the eigenvalues for this case, but what about the eigenfunctions. The solution 
for a given eigenvalue is, 
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y(x)=c¢,cos(nx)+c, sin(nx) 
and we’ve got no reason to believe that either of the two constants are zero or non-zero for that 


matter. In cases like these we get two sets of eigenfunctions, one corresponding to each constant. 
The two sets of eigenfunctions for this case are, 


y, (x) = cos(nx) y, (x) =sin(nx) n=1,2,3,... 
Now the second case. 


A=0 


The general solution is, 


y(x)=¢,+¢x 


Applying the first boundary condition gives, 
Corey (-z) =¢,+¢, (z) 


2c, =0 = c, =0 


Using this the general solution is then, 
¥ (x ) = Oy 
and note that this will trivially satisfy the second boundary condition just as we saw in the second 


example above. Therefore, we again have 2 = 0 as an eigenvalue for this BVP and the 
eigenfunctions corresponding to this eigenvalue is, 


y(x)=1 
Finally let’s take care of the third case. 


A< 


The general solution here is, 


y(x)=e, cosh(V=A x) +C, sinh (/-2 x) 


oO 


Applying the first boundary condition and using the fact that hyperbolic cosine is even and 
hyperbolic sine is odd gives, 


c, cosh (-2V-2) +c, sinh (-7V-2) =c, cosh (zV-2) +c, sinh (zV-2) 
—c, sinh (-7V-1) =c, sinh (zV-2) 
2 sinh(z-V-1 =0 


Now, in this case we are assuming that 2 <0 and so we know that 7/—/ #0 which in turn 
tells us that sinh (xv =A) #0. We therefore must have c, =0. 


Let’s now apply the second boundary condition to get, 
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V-Ae, sinh (-2V-2) = V-Ae, sinh(zV-1) 
2V-A c, sinh(zV-2) =0 = c, =0 


By our assumption on A we again have no choice here but to have c, = 0. 


Therefore, in this case the only solution is the trivial solution and so, for this BVP we again have 
no negative eigenvalues. 


In summary then we will have the following eigenvalues/eigenfunctions for this BVP. 


A =n y, (x) =sin(nx) n=1,2,3,... 
A,=Ww y, (x) =cos(nx) = 1,235.2. 
A, =9 Vj (a)=1 


Note that we’ve acknowledged that for 2 >0 we had two sets of eigenfunctions by listing them 
each separately. Also, we can again combine the last two into one set of eigenvalues and 
eigenfunctions. Doing so gives the following set of eigenvalues and eigenfunctions. 


4,20 y, (x) =sin(nx) n=1,2,3,... 
A, =n y, (x) =cos(nx) n=0,1,2,3.... 


Once again we’ve got an example with no negative eigenvalues. We can’t stress enough that this 
is more a function of the differential equation we’re working with than anything and there will be 
examples in which we may get negative eigenvalues. 


Now, to this point we’ve only worked with one differential equation so let’s work an example 
with a different differential equation just to make sure that we don’t get too locked into this one 
differential equation. 


Before working this example let’s note that we will still be working the vast majority of our 
examples with the one differential equation we’ve been using to this point. We’re working with 
this other differential equation just to make sure that we don’t get too locked into using one single 
differential equation. 


Example 4 Find all the eigenvalues and eigenfunctions for the following BVP. 
2." 


xy" +3xy'+Ay =0 y(I)=0 — y(2)=0 
Solution 
This is an Euler differential equation and so we know that we’ll need to find the roots of the 
following quadratic. 


r(r-1)+3rt+A=r'+2r+A=0 


The roots to this quadratic are, 
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Now, we are going to again have some cases to work with here, however they won’t be the same 
as the previous examples. The solution will depend on whether or not the roots are real distinct, 
double or complex and these cases will depend upon the sign/value of 1— 1. So, let’s go through 
the cases. 


1-A<0,/A>1 


In this case the roots will be complex and we’ll need to write them as follows in order to write 
down the solution. 


Ry =—ltvl—-A =-14,-(A-1) =-1tiva-1 


By writing the roots in this fashion we know that 1-1>0 andso V/A -1 is now a real number, 
which we need in order to write the following solution, 


y(x)=ex" cos(In (x) A =1)+e,x" sin(In(x) A =1) 


Applying the first boundary condition gives us, 
0 = y(1)=c,cos(0)+c, sin(0)=c, = 650 
The second boundary condition gives us, 


0 = y(2) =4e, sin(In(2) Va—1) 


In order to avoid the trivial solution for this case we'll require, 


sin(In(2)V4=1)=0 => In(2)VA-l=na — n=1,2,3.... 


This is much more complicated of a condition than we’ve seen to this point, but other than that 
we do the same thing. So, solving for 1 gives us the following set of eigenvalues for this case. 


2 
A -1+(%) 42193. 


Note that we need to start the list of ’s off at one and not zero to make sure that we have A > 1 
as we’re assuming for this case. 


The eigenfunctions that correspond to these eigenvalues are, 


y,, (x) =x sin{ n(x) n=1,2,3.... 


Now the second case. 
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1-A=0, A=1 
In this case we get a double root of N= —1 and so the solution is, 


y (x) S60 ex In (x) 


Applying the first boundary condition gives, 
0=y (1) =¢, 


The second boundary condition gives, 


0 = y(2)= $c, In(2) = c, =0 
We therefore have only the trivial solution for this case and so 2 =1 is not an eigenvalue. 


Let’s now take care of the third (and final) case. 


1-A>0,A<1 
This case will have two real distinct roots and the solution is, 
y(x)= ears + exons 
Applying the first boundary condition gives, 
0=y(l)=c, +e, = C, =-C 


Using this our solution becomes, 
-l+vl-/A -l-vl-/A 
y(xjeqx i -ex 


Applying the second boundary condition gives, 
0 — y(2) — eon Ses = C (ae -2 i) 


Now, because we know that 2 #1 for this case the exponents on the two terms in the parenthesis 
are not the same and so the term in the parenthesis is not the zero. This means that we can only 
have, 


Cc, =c, =90 


and so in this case we only have the trivial solution and there are no eigenvalues for which 4 <1. 


The only eigenvalues for this BVP then come from the first case. 


So, we’ve now worked an example using a differential equation other than the “standard” one 
we’ve been using to this point. As we saw in the work however, the basic process was pretty 
much the same. We determined that there were a number of cases (three here, but it won’t always 
be three) that gave different solutions. We examined each case to determine if non-trivial 
solutions were possible and if so found the eigenvalues and eigenfunctions corresponding to that 
case. 
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We need to work one last example in this section before we leave this section for some new 
topics. The four examples that we’ve worked to this point were all fairly simple (with simple 
being relative of course...), however we don’t want to leave without acknowledging that many 
eigenvalue/eigenfunctions problems are so easy. 


In many examples it is not even possible to get a complete list of all possible eigenvalues for a 
BVP. Often the equations that we need to solve to get the eigenvalues are difficult if not 
impossible to solve exactly. So, let’s take a look at one example like this to see what kinds of 
things can be done to at least get an idea of what the eigenvalues look like in these kinds of cases. 


Example 5 Find all the eigenvalues and eigenfunctions for the following BVP. 
y'+Ay=0 y(0)=0 — y'(1)+ y(1)=0 
Solution 


The boundary conditions for this BVP are fairly different from those that we’ve worked with to 
this point. However, the basic process is the same. So let’s start off with the first case. 


A>O 


The general solution to the differential equation is identical to the first few examples and so we 


have, 
y(x)=c¢, cos(VA x) +e, sin( V2 x) 


Applying the first boundary condition gives us, 
0=y(0)=c, = c, =90 


The second boundary condition gives us, 
0= y(1)+y'(1) =e, sin(V2)+V2¢, cos(V2) 
=C, (sin(V2) +A cos(/2)} 


So, if we let c, =O we’ll get the trivial solution and so in order to satisfy this boundary condition 
we’ ll need to require instead that, 


0 =sin(V2)+V2 cos( VA) 
sin(V2) =—/4 cos( VA) 
tan(V2) = a 


Now, this equation has solutions but we’ll need to use some numerical techniques in order to get 


them. In order to see what’s going on here let’s graph tan( JA and men on the same graph. 


Here is that graph and note that the horizontal axis really is values of a as that will make 
things a little easier to see and relate to values that we’re familiar with. 
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So, eigenvalues for this case will occur where the two curves intersect. We’ve shown the first 
five on the graph and again what is showing on the graph is really the square root of the actual 
eigenvalue as we’ve noted. 


The interesting thing to note here is that the farther out on the graph the closer the eigenvalues 
come to the asymptotes of tangent and so we’|l take advantage of that and say that for large 
enough n we can approximate the eigenvalues with the (very well known) locations of the 
asymptotes of tangent. 


How large the value of 7 is before we start using the approximation will depend on how much 
accuracy we want, but since we know the location of the asymptotes and as n increases the 
accuracy of the approximation will increase so it will be easy enough to check for a given 
accuracy. 


For the purposes of this example we found the first five numerically and then we’ll use the 
approximation of the remaining eigenvalues. Here are those values/approximations. 


A, = 2.0288 A,=4.1160 (2.4674) 
JA, = 4.9132 A, =24.1395 (22.2066) 
As = 7.9787 A, = 63.6597 (61.6850) 
A, = 11.0855 A, =122.8883 (120.9027) 
A, = 14.2074 A, = 201.8502 (199.8595) 
Jan we 2h A, ® = mx n=6,7,8,... 


The number in parenthesis after the first five is the approximate value of the asymptote. As we 
can see they are a little off, but by the time we get to nm =5 the error in the approximation is 
0.9862%. So less than 1% error by the time we get to n =5 and it will only get better for larger 
value of n. 
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The eigenfunctions for this case are, 


y, (x) =sin(/Z, x) n=1,2,3,... 


where the values of 2, are given above. 


So, now that all that work is out of the way let’s take a look at the second case. 


A=0 


The general solution is, 


y(x) =C, +C,X 


Applying the first boundary condition gives, 
O=y (0) =¢, 


Using this the general solution is then, 
y (x) = CX 


Applying the second boundary condition to this gives, 
0=y'(I)+y(1) =, +e, = 2c, = c, =0 


Therefore, for this case we get only the trivial solution and so A = 0 is not an eigenvalue. Note 
however that had the second boundary condition been y’ (1) —y (1) =0 then 4 =0 would have 


been an eigenvalue (with eigenfunctions y (x) = x ) and so again we need to be careful about 
reading too much into our work here. 


Finally let’s take care of the third case. 


A< 


The general solution here is, 


y(x)=e, cosh(V=A x) +C, sinh (/-2 x) 


oO 


Applying the first boundary condition gives, 
0 = y(0)=c, cosh(0)+c, sinh(0) =c, = G=a0 


Using this the general solution becomes, 
y(x)=c, sinh (/-2 x) 
Applying the second boundary condition to this gives, 
0=y'(1)+y(1)=V-Ac, cosh(/—2} +C, sinh (/-2 
=C, (V=2 cosn( 2) + sinh(/-2)) 
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Now, by assumption we know that 1 <0 andso /—/A >0. This in turn tells us that 
sinh (v =A) > 0 and we know that cosh (x) > 0 for allx. Therefore, 
V-A cosh(J=2)+sinh(V-2) #0 
and so we must have c, = 0 and once again in this third case we get the trivial solution and so 
this BVP will have no negative eigenvalues. 


In summary the only eigenvalues for this BVP come from assuming that 2 > 0 and they are 
given above. 


So, we’ve worked several eigenvalue/eigenfunctions examples in this section. Before leaving this 
section we do need to note once again that there are a vast variety of different problems that we 
can work here and we’ ve really only shown a bare handful of examples and so please do not walk 
away from this section believing that we’ve shown you everything. 


The whole purpose of this section is to prepare us for the types of problems that we'll be seeing in 
the next chapter. Also, in the next chapter we will again be restricting ourselves down to some 
pretty basic and simple problems in order to illustrate one of the more common methods for 
solving partial differential equations. 
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Periodic Functions, Even/Odd Functions and Orthogonal Functions 


This is going to be a short section. We just need to have a brief discussion about a couple of 
ideas that we’ ll be dealing with on occasion as we move into the next topic of this chapter. 


Periodic Function 
The first topic we need to discuss is that of a periodic function. A function is said to be periodic 
with period T if the following is true, 


f (x+T)=f (x) for all x 


The following is a nice little fact about periodic functions. 


Fact 1 


| If f and g are both periodic functions with period T then sois f +g andfg. 


This is easy enough to prove so let’s do that. 
(f+g)(x+T)=f(xt+T)+9(x4+T)=f(x)+2(x)=(f+2)(*) 
(fe )(x+T)=f(x+T)a(x+T)= f(x)8(x)=(28)(*) 

The two periodic functions that most of us are familiar are sine and cosine and in fact we’ll be 


using these two functions regularly in the remaining sections of this chapter. So, having said that 
let’s close off this discussion of periodic functions with the following fact, 


Fact 2 


. Se : : . 21 
sin (@x) and cos (@ x) are periodic functions with period T =—. 
Qo 


Even and Odd Functions 
The next quick idea that we need to discuss is that of even and odd functions. 


Recall that a function is said to be even if, 


and a function is said to be odd if, 


The standard examples of even functions are f (x) =x’ and g (x) = cos (x) while the standard 


examples of odd functions are f (x) =x and g (x) = sin (x) The following fact about certain 


integrals of even/odd functions will be useful in some of our work. 
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Fact 3 


1 (x) is an even function then, 


(ee) a= 2p f (x)dx 


Zit 7 (x) is an odd function then, 


Note that this fact is only valid on a “symmetric” interval, i.e. an interval in the form [-L, L] . If 
we aren’t integrating on a “symmetric” interval then the fact may or may not be true. 
Orthogonal Functions 

The final topic that we need to discuss here is that of orthogonal functions. This idea will be 
integral to what we’ll be doing in the remainder of this chapter and in the next chapter as we 
discuss one of the basic solution methods for partial differential equations. 


Let’s first get the definition of orthogonal functions out of the way. 


Definition 


1. Two non-zero functions, f (x) and g (x) , are said to be orthogonal on a <x <b if, 


[. f(x)e(x)dx=0 


2. A set of non-zero functions, { ve (x)} , is said to be mutually orthogonal on a < x <b (or just 
an orthogonal set if we’re being lazy) if f, (x) and f; (x) are orthogonal for every i # /. 
In other words, 


j as)f(s)ar=[? ie) 


rege a eo 


Note that in the case of i = 7 for the second definition we know that we’ll get a positive value 
from the integral because, 


b b 2 
( £@)LG) a=] LA (x)] dx > 0 
Recall that when we integrate a positive function we know the result will be positive as well. 


Also note that the non-zero requirement is important because otherwise the integral would be 
trivially zero regardless of the other function we were using. 


Before we work some examples there are a nice set of trig formulas that we’ll need to help us 
with some of the integrals. 


© 2007 Paul Dawkins 398 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


sinczcos f= [ sin(a—f)+sin(e+ f) | 
sinczsin B=—[00s(a— f)-cos(a+ )] 
cos a.c0s fi = =| eos(a~ f)+00s(c+ A) 


Now let’s work some examples that we’ll need over the course of the next couple of sections. 


co 


Example 1 Show that {eo (=) is mutually orthogonal on -L<x<L. 
n=0 


Solution 
This is not too difficult to do. All we really need to do is evaluate the following integral. 


| C nnax ) [ mmx ) 
cos cos dx 
o L L 


Before we start evaluating this integral let’s notice that the integrand is the product of two even 
functions and so must also be even. This means that we can use Fact 3 above to write the integral 


as, 
L L 
| cos( "™* Jeos( Jax =2/ cos( "™* Jeos( "ay 
3 L Ec ; i ie 


There are two reasons for doing this. First having a limit of zero will often make the evaluation 
step a little easier and that will be the case here. We’ll discuss the second reason after we’re done 
with the example. 


Now, in order to do this integral we’ll actually need to consider three cases. 


n=m=0 
In this case the integral is very easy and is, 


[, @e=2[ de=20 


n=m#0 
This integral is a little harder than the first case, but not by much (provided we recall a simple trig 
formula). The integral for this case is, 


L L L 
| cos” (=) dx = 2 cos” (=) dx = | 1+cos [ AS | dx 
-L L 0 L 0 L 
L 
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Now, at this point we need to recall that n is an integer and so sin (2nx ) = 0 and our final value 


L L 
| cos” (=) dx = 2 cos’ (=) dx=L 
“ LE ; b 


The first two cases are really just showing that if 7 = m the integral is not zero (as it shouldn’t 
be) and depending upon the value of (and hence m) we get different values of the integral. Now 
we need to do the third case and this, in some ways, is the important case since we must get zero 
out of this integral in order to know that the set is an orthogonal set. So, let’s take care of the 
final case. 


for the integral is, 


nz~mM 


This integral is the “messiest” of the three that we’ve had to do here. Let’s just start off by 
writing the integral down. 


L L 
| cos( “2 cos (=) dx = 2 cos (=| cos (==) dx 
Le i L ‘ ip iL 


In this case we can’t combine/simplify as we did in the previous two cases. We can however, 
acknowledge that we’ve got a product of two cosines with different arguments and so we can use 
one of the trig formulas above to break up the product as follows, 


L L 
| cos (“=*) cos (=*) dx = 2 cos( “** Jeos{ a 
a L is ; L L 


| 
° : 
ee 
fo) 
° 
n 
aS 
— 
= 
| 
MSs 
>” 
q 
ca 
NN  ” 
+ 
fe) 
° 
n 
Gra 
— 
= 
3 
aS” 
q 
s 
SY 
> 


———sin((n + m)z) 

(n = m) 1 (n + m) 1 

Now, we know that n and m are both integers and so n—m and n+™m are also integers and so 
both of the sines above must be zero and all together we get, 


L L 
cos (=) cos (==) dx = 2 cos [ “a cos wae dx =0 
4 I L ; a fi 


So, we’ve shown that if n # m the integral is zero andif n =m the value of the integral is a 
positive constant and so the set is mutually orthogonal. 


In all of the work above we kept both forms of the integral at every step. Let’s discuss why we 
did this a little bit. By keeping both forms of the integral around we were able to show that not 
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only is {eo (=*)| mutually orthogonal on -L <x < L but it is also mutually orthogonal 
n=0 


on 0<x<L. The only difference is the value of the integral when n = mand we can get those 
values from the work above. 


Let’s take a look at another example. 


Example 2 Show that sin (=}} is mutually orthogonal on -L <x < LZ and on 
n=1 
Os 75 1, 


Solution 

First we’ll acknowledge from the start this time that we’ll be showing orthogonality on both of 
the intervals. Second, we need to start this set at n =1 because if we used n = 0 the first 
function would be zero and we don’t want the zero function to show up on our list. 

As with the first example all we really need to do is evaluate the following integral. 


[ ; (=) . (=) 
sin sin dx 
a L L 


In this case integrand is the product of two odd functions and so must be even. This means that 
we can again use Fact 3 above to write the integral as, 


L L 
| sin (=) sin (==) dx = 2 sin (=) sin [7 dx 
7 L i 2 L fe 


We only have two cases to do for the integral here. 


n=m 


Not much to this integral. It’s pretty similar to the previous examples second case. 


7 nx ‘ NIX 2nax 
| sin? [= )ax=2] sin’ [Jac | I= cos Jas 
F, L F L ‘ L 
Te > a: (A) ; 
=| x -—— sin 
Qn L A 


L L 
| sin? (=) dx = 2 sin? [“*) dx = L 
-L L 0 L 


As with the previous example this can be a little messier but it is also nearly identical to the third 
case from the previous example so we’ll not show a lot of the work. 


=i ~— sin (2nz) =, 
Qn 


Summarizing up we get, 


nzAmM 
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“  (nax) . (max “  (nax) . (mrx 
| sin (=) sin [=*) dx = 2 sin (=) sin 
pe L L ‘ L 


[reel eel] 


= Trmpatinll—)a)- Trays sin( (+m) 


(n—m)x n+m)x 


As with the previous example we know that n and m are both integers a and so both of the sines 
above must be zero and all together we get, 


L os 
: sin( 2" )sin( 22 Jae 2 i sin( 2" )sin{ 2 Jaro 
- L L ; L L 


So, we’ve shown that if n # m the integral is zero andif n =m the value of the integral is a 
positive constant and so the set is mutually orthogonal. 


We’ve now shown that isin (=) is mutually orthogonal on —L <x < Z and on 
n=1 
O<xsL. 


We need to work one more example in this section. 


Example 3 Show that sin (=)| and {eo (=) are mutually orthogonal on 
1 


n= n=0 


-L<x<L. 


Solution 

This example is a little different from the previous two examples. Here we want to show that 
together both sets are mutually orthogonal on -L <x < L.. To show this we need to show three 
things. First (and second actually) we need to show that individually each set is mutually 
orthogonal and we’ ve already done that in the previous two examples. The third (and only) thing 
we need to show here is that if we take one function from one set and another function from the 
other set and we integrate them we’ll get zero. 


Also, note that this time we really do only want to do the one interval as the two sets, taken 
together, are not mutually orthogonal on 0< x <Z. You might want to do the integral on this 


interval to verify that it won’t always be zero. 


So, let’s take care of the one integral that we need to do here and there isn’t a lot to do. Here is 
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the integral. 


[ : (=) (=) 
sin cos dx 
= 7, L 


The integrand in this case is the product of an odd function (the sine) and an even function (the 
cosine) and so the integrand is an odd function. Therefore, since the integral is on a symmetric 
interval, i.e. —L <x <L, and so by Fact 3 above we know the integral must be zero or, 


1 & 
| sin (=) cos (=| dx =0 
- i E 


So, in previous examples we’ve shown that on the interval —L < x < L the two sets are mutually 
orthogonal individually and here we’ve shown that integrating a product of a sine and a cosine 
gives zero. Therefore, as a combined set they are also mutually orthogonal. 


We’ve now worked three examples here dealing with orthogonality and we should note that these 
were not just pulled out of the air as random examples to work. In the following sections (and 
following chapter) we’ll need the results from these examples. So, let’s summarize those results 
up here. 


1. {oo (=)| and ‘sn (=}} are mutually orthogonal on -L < x <L as 


n=0 
individual sets and as a combined set. 


nel 


me {oo (=) is mutually orthogonal on 0O< x<L. 


3. ‘sin (=) is mutually orthogonal on 0<x<L. 
n=1 


We will also be needing the results of the integrals themselves, both on —L <x < Z and on 
0<x<L so let’s also summarize those up here as well so we can refer to them when we need 
to. 
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ifn=m=0 


F DIL, 
| cos( “2 Jeos{ A | an = L ifn=mz0 
= i L ; 


ifnzm 


ifn=m=0 


Ib, 
9 
2. | c0s( “2 Joos{ =) a = — ifn=mz0 
. i L D 
0 
L 
0 


ifnzm 


ifn=m 


ifnzm 


‘ aS ifn=m 
4. | sin( "2" )sin{ 2 Ja = 2) 7 
Ib, L 0 


ifnzm 


With this summary we’ll leave this section and move off into the second major topic of this 
chapter : Fourier Series. 
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Fourier Sine Series 


In this section we are going to start taking a look at Fourier series. We should point out that this 
is a subject that can span a whole class and what we’ll be doing in this section (as well as the next 
couple of sections) is intended to be nothing more than a very brief look at the subject. The point 
here is to do just enough to allow us to do some basic solutions to partial differential equations in 
the next chapter. There are many topics in the study of Fourier series that we’ll not even touch 
upon here. 


So, with that out of the way let’s get started, although we’re not going to start off with Fourier 
series. Let’s instead think back to our Calculus class where we looked at Taylor Series. With 


Taylor Series we wrote a series representation of a function, f (x) , aS a series whose terms were 
powers of x—a forsome x =a. With some conditions we were able to show that, 
2 p(n) ( ) 
f(a n 
f (x)= —-(z-4) 
n=0 n 
and that the series will converge to f (x) on |x - a| <R for some R that will be dependent upon 


the function itself. 


There is nothing wrong with this, but it does require that derivatives of all orders exist at x =a. 
Or in other words f (") (a) exists for n = 0,1,2,3,... Also for some functions the value of R 
may end up being quite small. 

These two issues (along with a couple of others) mean that this is not always the best way of 
writing a series representation for a function. In many cases it works fine and there will be no 


reason to need a different kind of series. There are times however where another type of series is 
either preferable or required. 


We’re going to build up an alternative series representation for a function over the course of the 
next couple of sections. The ultimate goal for the rest of this chapter will be to write down a 
series representation for a function in terms of sines and cosines. 


We'll start things off by assuming that the function, f (x) , we want to write a series 


representation for is an odd function (i.e. f (-x) =—f (x) ). Because f (x) is odd it makes 


some sense that we should be able to write a series representation for this in terms of sines only 
(since they are also odd functions). 
What we’ll try to do here is write f (x) as the following series representation, called a Fourier 


“ . (nmx 
8, sin( ; ) 


n=l 


sine series,on —L<x<L. 


There are a couple of issues to note here. First, at this point, we are going to assume that the 
series representation will converge to f (x) on —L<x<L. Wewill be looking into whether or 


not it will actually converge in a later section. However, assuming that the series does converge 
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to f (x) it is interesting to note that, unlike Taylor Series, this representation will always 


converge on the same interval and that the interval does not depend upon the function. 


Second, the series representation will not involve powers of sine (again contrasting this with 
Taylor Series) but instead will involve sines with different arguments. 
NX 


Finally, the argument of the sines, ~~, may seem like an odd choice that was arbitrarily chosen 


and in some ways it was. For Fourier sine series the argument doesn’t have to necessarily be this 
but there are several reasons for the choice here. First, this is the argument that will naturally 
arise in the next chapter when we use Fourier series (in general and not necessarily Fourier sine 
series) to help us solve some basic partial differential equations. 


The next reason for using this argument is the fact that the set of functions that we chose to work 


. 0 . . . . . . 
with, {sin( a )} in this case, need to be orthogonal on the given interval, —L <x < L in this 
n= 


case, and note that in the last section we showed that in fact they are. In other words, the choice 
of functions we’re going to be working with and the interval we’re working on will be tied 
together in some way. We can use a different argument, but will need to also choose an interval 
on which we can prove that the sines (with the different argument) are orthogonal. 


So, let’s start off by assuming that given an odd function, f (x) , we can in fact find a Fourier 


sine series, of the form given above, to represent the function on —L < x < L. This means we 


will have, 
F(e) — > 8B, sin( "2" 


n=l 


As noted above we’ll discuss whether or not this even can be done and if the series representation 
does in fact converge to the function in later section. At this point we’re simply going to assume 
that it can be done. The question now is how to determine the coefficients, B, , in the series. 


MTX 


Let’s start with the series above and multiply both sides by sin ( ; 


) where m is a fixed integer 


in the range {1, 2, 3s% a . In other words, we multiply both sides by any of the sines in the set of 


sines that we’re working with here. Doing this gives, 
. ( MX = | MIX || MEX 
x)sin =» B sin} —— |sin 
F(2)sin[ = 3B, sin( si 

Now, let’s integrate both sides of this from x =—L to x=L. 

L Bi 

| F(x)sin{ "2 Ja 8, sin( "= in( "2 Ja 
-L L —L n=l L L 


At this point we’ve got a small issue to deal with. We know from Calculus that an integral of a 
finite series (more commonly called a finite sum....) is nothing more than the (finite) sum of the 
integrals of the pieces. In other words, for finite series we can interchange an integral and a 
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series. For infinite series however, we cannot always do this. For some integrals of infinite series 


we cannot interchange an integral and a series. Luckily enough for us we actually can 
interchange the integral and the series in this case. Doing this and factoring the constant, B, out 


n? 


of the integral gives, 


L ey. fel 
| F(x)sin "2" Jae =9) B,sin{ "2" )sin( Ea 
-L L n=l -L L L 


Now, recall from the last section we proved that {sin (2) is orthogonal on —L < x < Land 


L ‘ 
_ (nax)\. (max L ifn=m 
sin| —— |sin a= ; 
og L L 0 ifn#m 
So, what does this mean for us. As we work through the various values of 7 in the series and 
compute the value of the integrals all but one of the integrals will be zero. The only non-zero 


integral will come when we have n =m, in which case the integral has the value of L. 
Therefore, the only non-zero term in the series will come when we have n= m and our equation 


becomes, 
L 
| F(x)sin| 2 as = 5b 
: i 


Finally, all we need to do is divide by Z and we now have an equation for each of the coefficients. 


L 
B, -+| F(x)sin{ "Jas m =1,2,3,... 
BE) L 


that, 


Next, note that because we’re integrating two odd functions the integrand of this integral is even 
and so we also know that, 


L 
B, -2{ F(x)sin "as m =1,2,3,... 
be L 


Summarizing all this work up the Fourier sine series of an odd function f (x) on —L<x<L is 


given by, 


f(x)=B, sin( 2") B, =Z | fle)sin( "Jas ce ee ee 


n=l 
ee NIX 
-2| F(x)sin| Ja n=1,2,3,... 
La} L 
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Let’s take a quick look at an example. 


Example I Find the Fourier sine series for f (x) =xon -L<x<l. 


Solution 
First note that the function we’re working with is in fact an odd function and so this is something 
we can do. There really isn’t much to do here other than to compute the coefficients for 


fa Coats 


Here is that work and note that we’re going to leave the integration by parts details to you to 
verify. Don’t forget that n, Z, and 7 are constants! 


a te NX 2{ L NX Nx 
B,=—| xsin dx = sz || Lsin "2 naxcos| "2" 
Ee) 3 L L\ nn L L 


= a 5 (Lsin(nz)—nzL cos(nz)) 
na 


L 


0 


These integrals can, on occasion, be somewhat messy especially when we use a general L for the 
endpoints of the interval instead of a specific number. 


Now, taking advantage of the fact that n is an integer we know that sin (nz) = 0 and that 


cos (nz) a (-1)’ . We therefore have, 


n=1,2,3... 


At this point we should probably point out that we’ll be doing most, if not all, of our work here on 
a general interval (—L <x < L or 0< x < L) instead of intervals with specific numbers for the 
endpoints. There are a couple of reasons for this. First, it gives a much more general formula 
that will work for any interval of that form which is always nice. Secondly, when we run into this 
kind of work in the next chapter it will also be on general intervals so we may as well get used to 
them now. 


Now, finding the Fourier sine series of an odd function is fine and good but what if, for some 
reason, we wanted to find the Fourier sine series for a function that is not odd? To see how to do 
this we’re going to have to make a change. The above work was done on the interval 
—-L<x<L. Inthe case of a function that is not odd we’ll be working on the interval O< x<L. 
The reason for this will be made apparent in a bit. 
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So, we are now going to do is to try to find a series representation for f (x) on the interval 


0<x<L that is in the form, 
dB, sin[ 2") 
L 


n= 


or in other words, 


= ». | HAX 
hae; = dB, sin 
n=l L 
As we did with the Fourier sine series on —L < x < L we are going to assume that the series will 
in fact converge to f (a) and we’ll hold off discussing the convergence of the series for a later 


section. 


There are two methods of generating formulas for the coefficients, B 


n? 


although we’ll see in a bit 
that they really the same way, just looked at from different perspectives. 


The first method is to just ignore the fact that f (x) is not odd and proceed in the same manner 


that we did above only this time we’ll take advantage of the fact that we proved in the previous 


NX 


nex) also forms an orthogonal set on 0 < x < L and that, 


L LO, 
. (nax\. (marx — ifn=m 
| sin (=) sn{ Ja ee) 
; L cL | 


ifnzm 


section that {sin( 


mx ) 
9 


So, if we do this then all we need to do is multiply both sides of our series by sin (7= 


integrate from 0 to Z and interchange the integral and series to get, 


L 7 L 
MTX ‘ NIX ; MTX 

i dx=) B d. 

j, Fin L Je 2 J, in| L Jsn( i Je 


Now, plugging in for the integral we arrive at, 


[ reopsin{ 222 Ja =B. (=) 


Upon solving for the coefficient we arrive at, 


L 
B,=2{ #(x)sin{ 2 Jas m=1,2,3,... 
ae z 


Note that this is identical to the second form of the coefficients that we arrived at above by 
assuming f (x) was odd and working on the interval -L <x < L. The fact that we arrived at 


essentially the same coefficients is not actually all the surprising as we’ll see once we’ve looked 
the second method of generating the coefficients. 
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Before we look at the second method of generating the coefficients we need to take a brief look at 
another concept. Given a function, f (x) , we define the odd extension of f (x) to be the new 
function, 


f(x) if O<x<L 
eo-{f) if -L<x<0 


It’s pretty easy to see that this is an odd function. 
g( x)= f( ( x))= f (x) =-g2(x) for 0<x<L 


and we can also know that on 0< x <L we have that g (x) = Fics Also note that if f (x) is 


already an odd function then we in fact get g (x) = (x) on -L<Sx<l. 


Let’s take a quick look at a couple of odd extensions before we proceed any further. 


Example 2 Sketch the odd extension of each of the given functions. 
(a) $(%) =LZ-xon0<x<L _ [Solution] 


(b) f (x) =1+x? on0<x<ZL [Solution] 


0 


IA 


& oih 
lA 
tN tub 


if O<x 
(c) f(s) = in Bey [Solution] 


—£ 
2 


|b 


Solution 
Not much to do with these other than to define the odd extension and then sketch it. 


(a) f(x)=L-x on 0<x<L 

Here is the odd extension of this function. 

f (x) if O<x<L 
—f (-x) if -—L<x<0 
oe if 0O<x<Z 


—-[L-x if -—L<x<0 


Below is the graph of both the function and its odd extension. Note that we’ve put the 
“extension” in with a dashed line to make it clear the portion of the function that is being added to 
allow us to get the odd extension. 
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Graph of f (x) Graph of Odd Extension of f (x) 


[Return to Problems] 


(b) f(x)=14+x° on 0S x<L 
First note that this is clearly an even function. That does not however mean that we can’t define 
the odd extension for it. The odd extension for this function is, 


_ lf) i 0S xed, 
c-{f if -L<x<0 
{he if 04 2< 1 


= if -—L<x<0 


The sketch of the original function and its odd extension are , 
Graph of (x) Graph of Odd Extension of 7 (x) 


[Return to Problems] 
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4 if O<x<4 
2 2. 
© r()={" if £<x<L 


Let’s first write down the odd extension for this function. 


c=2 6 tt Sexe 

ae f (x) ifO0<x<sL 4 if O<x<$ 
=f (-k) GP =Lee<0 [-¢ if 52450 
eee Af =LAxs=> 


The sketch of the original function and its odd extension are, 


Graph of (x) Graph of Odd Extension of (x) 


[Return to Problems] 


With the definition of the odd extension (and a couple of examples) out of the way we can now 
take a look at the second method for getting formulas for the coefficients of the Fourier sine 


series for a function f (x) on 0< x<L. First, given such a function define its odd extension as 
above. At this point, because g (x) is an odd function, we know that on -—L <x < L the Fourier 
sine series for g(x) (and NOT f (x) yet) is, 


és L 
e(x)=>B, sin( 22 B, -2| a(x)sin( “= Ja R10 ioxs 


n=l 0 


However, because we know that g(x) = f (x) on 0<x<LZL we can also see that as long as we 


areon 0<x<Z we have, 


Bs L 
f(x)=>B, sin( "2 B, -2{ F(s)sin| “a et Oe 
0 


n= 


© 2007 Paul Dawkins 412 http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


So, exactly the same formula for the coefficients regardless of how we arrived at the formula and 
the second method justifies why they are the same here as they were when we derived them for 
the Fourier sine series for an odd function. 


Now, let’s find the Fourier sine series for each of the functions that we looked at in Example 2. 


Note that again we are working on general intervals here instead of specific numbers for the right 
endpoint to get a more general formula for any interval of this form and because again this is the 
kind of work we’ll be doing in the next chapter. 


Also, we’ll again be leaving the actually integration details up to you to verify. In most cases it 
will involve some fairly simple integration by parts complicated by all the constants (n, L, 7, 
etc.) that show up in the integral. 


Example 3 Find the Fourier sine series for f (x) =L-xonO0<x<L. 


Solution 


There really isn’t much to do here other than computing the coefficients so here they are, 
L 


B, -= | F(x)sin{ "2 Ja al (L s)sin( 2 a 


=2(-e5 | esin( | nae (x 1jeos("**)] 


0 
pa iay fs 2L 
=F palo snl) | 


In the simplification process don’t forget that n is an integer. 
So, with the coefficients we get the following Fourier sine series for this function. 


Heya tea 22 


n=l 


In the next example it is interesting to note that while we started out this section looking only at 
odd functions we’re now going to be finding the Fourier sine series of an even function on 
O<x<L. Recall however that we’re really finding the Fourier sine series of the odd extension 
of this function and so we’re okay. 
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Example 4 Find the Fourier sine series for f (x) =l+x? on 0<x<L. 


Solution 
In this case the coefficients are liable to be somewhat messy given the fact that the integrals will 
involve integration by parts twice. Here is the work for the coefficients. 


B= -2[ f(z )sin{ mE deo | (1+x°)sin[ 22 Jay 


L 
-2( | (217-7? 1 (Is?) )eos( 22 )+aznnssin( 2) 
Lange JI L Li), 


-2 7 [22 wx? (142) )eos(o)+ 207m sin(n) (20 -n°n*)] 


a 
Nn 
2 


= iq | (22° —n'n (1+27))(-1)' =; +x" | 


As noted above the coefficients are not the most pleasant ones, but there they are. The Fourier 
sine series for this function is then, 


= 2 5? Sry 5 . Fe es ee re 
f(*)= Daa | (22 —N1 (1+ ))(-1) —2L+n'2 Jsin( “2") 


In the last example of this section we’ll be finding the Fourier sine series of a piecewise function 
and can definitely complicate the integrals a little but they do show up on occasion and so we 
need to be able to deal with them. 


ens 4 if O<x<4 
Example 5 Find the Fourier sine series for f (x) = Fs f on 0Sx<L. 
xXx-> xX 


Solution 
Here is the integral for the coefficients. 


nA stom) sto) of sc) 
nj) [Soo Jee | (-S)o(* 


Note that we need to split the integral up because of the piecewise nature of the original function. 


Let’s do the two integrals separately 
fw ee nn 
= 1—cos| — 
5 TE 2 


jee bla 


E 
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oe Lsin(nz) = "2h cos(na)-Lsin{ 


B, -2{ g(s)sin( 2a 2{ 2 Vay” ~cos( 2) +2 sin( 22) 


So, the Fourier sine series for this function is, 


rode S ely" om( SF) snl in") 


n= 


As the previous two examples has shown the coefficients for these can be quite messy but that 
will often be the case and so we shouldn’t let that get us too excited. 
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Fourier Cosine Series 


In this section we’re going to take a look at Fourier cosine series. We’ll start off much as we did 
in the previous section where we looked at Fourier sine series. Let’s start by assuming that the 
function, f (x) , we'll be working with initially is an even function (i.e. f (-x) = 7 (x)) and 
that we want to write a series representation for this function on —L < x < L in terms of cosines 
(which are also even). In other words, we are going to look for the following, 


HS Aco 22) 


n=0 


This series is called a Fourier cosine series and note that in this case (unlike with Fourier sine 


series) we’re able to start the series representation at n = 0 since that term will not be zero as it 
NIX 
Z 


used only because it is the argument that we’ll be running into in the next chapter. The only real 
requirement here is that the given set of functions we’re using be orthogonal on the interval we’re 
working on. 


was with sines. Also, as with Fourier Sine series, the argument of in the cosines is being 


Note as well that we’re assuming that the series will in fact converge to f (a) on -L<x<L at 


this point. In a later section we’ll be looking into the convergence of this series in more detail. 


CO 
So, to determine a formula for the coefficients, A,, we'll use the fact that {cos( om a 3 do 


form an orthogonal set on the interval —L < x < L as we showed in a previous section. In that 
section we also derived the following formula that we’ ll need in a bit. 


; 2L ifn=m=0 
| cos( “2 Joos{ Ja = L ifn=m#0 
z L L . 
0 ifné#m 


We’ll get a formula for the coefficients in almost exactly the same fashion that we did in the 


previous section. We’ll start with the representation above and multiply both sides by cos( HEX ) 


L 
where m is a fixed integer in the range {0,1, 25333: a Doing this gives, 


f (x) cos( 2") = y A, cos( "2" cos( 2") 


n=0 


Next, we integrate both sides from x =—Z to x= L and as we were able to do with the Fourier 
Sine series we can again interchange the integral and the series. 


L i as 
mmx nax mmx 
dx = A — —|d 
J Fe oos{ : ) be i» 00s 7 Jeos{ : ) Ne 
7 L 
-, c05( “2 Joos{ =) 
a, = L L 
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We now know that the all of the integrals on the right side will be zero except when n =m 
because the set of cosines form an orthogonal set on the interval —L < x < L. However, we need 
to be careful about the value of m (or n depending on the letter you want to use). So, after 
evaluating all of the integrals we arrive at the following set of formulas for the coefficients. 


WO 
[Leja 4(2t) = Aas-Ji sd 
~? I(x Jeos( “)a =A,,(L) = A, == _fapoos{ 2a 


Summarizing everything up then, the Fourier cosine series of an even function, f (x) on 


—-L <x < Lis given by, 
1 pL 
; ne ) n=0 
x)= A, c0s{ “2 ) A = L 
~ L 1 NIX 
n —| f(x) cos( “*) dx n#0 
Ljh L 


Finally, before we work an example, let’s notice that because both f (x) and the cosines are 


even the integrand in both of the integrals above is even and so we can write the formulas for the 
A,,’s as follows, 


=f #(xjax n=0 
A,= > 2 
i f (x) (“Fa n#0 


Now let’s take a look at an example. 


Example I Find the Fourier cosine series for f (x) =x? on -L<x<L. 


Solution 

We clearly have an even function here and so all we really need to do is compute the coefficients 
and they are liable to be a little messy because we’ll need to do integration by parts twice. We’ll 
leave most of the actual integration details to you to verify. 


cH eect} § 
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om iad NX oi NX 
4,=2{ F(xeos( "2 ) ax == | ¥ cos{ Ja 
ae E ae z 
L 
<2 eZ 2Lnzxcos| ~~ +(n?x?x? -217)sin = 
LYVnn L L 


0 


= 5 (2L'ne cos(nz)+(n°x°L? -217)sin(n)) 
Cy n=1,2,3, 23 
The coefficients are then, 
A, -4 = ey , n=1,2,3,... 


The Fourier cosine series is then, 


1 < nmx . nox) DL &4L(-1)’ nmx 
x =>) 4, cos _s = A, +)" A, cos 7 rua? ee rr 7 


n=0 


Note that we’ll often strip out the 7 = 0 from the series as we’ve done here because it will almost 
always be different from the other coefficients and it allows us to actually plug the coefficients 
into the series. 


Now, just as we did in the previous section let’s ask what we need to do in order to find the 
Fourier cosine series of a function that is not even. As with Fourier sine series when we make 
this change we’ll need to move onto the interval 0< x <Z now instead of -L<x<L and 


again we’ll assume that the series will converge to f (x) at this point and leave the discussion of 


the convergence of this series to a later section. 


We could go through the work to find the coefficients here twice as we did with Fourier sine 
series, however there’s no real reason to. So, while we could redo all the work above to get 
formulas for the coefficients let’s instead go straight to the second method of finding the 
coefficients. 


In this case, before we actually proceed with this we’|l need to define the even extension of a 
function, f (x) on -L<x<L. So, givena function f (x) we’ ll define the even extension of 
the function as, 
_|f(x) if O<x<L 
ef) if -L<x<0 


Showing that this is an even function is simple enough. 


g(-x)= f(-(-x))=f(x)=2(x) for 0<x<L 
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and we can see that g(x) = f (x) on O<x<L andif f (x) is already an even function we get 
g(x)=f(x) on -LSx<L. 


Let’s take a look at some functions and sketch the even extensions for the functions. 


Example 2 Sketch the even extension of each of the given functions. 
(a) F(x) =L—-xon0<x<L_ [Solution] 


(b) Fs) =x on 0<x<L [Solution] 


So 
IA 


lA 
tN |b 


[Solution] 


& oylh 


if O<x 
—4 if 4<x 


© s(3)=| 


|b 


Solution 
(a) f (x)=L-x on 0<x<L 
Here is the even extension of this function. 

fey OSes 
=f"), if —L<x<0 
_j£-x if O<x<L 
“te if -L<x<0 


Here is the graph of both the original function and its even extension. Note that we’ve put the 


“extension” in with a dashed line to make it clear the portion of the function that is being added to 
allow us to get the even extension 


Graph of (x) Graph of Even Extension of ~ (x) 
E 
-L fa -L L 
[Return to Problems] 
© 2007 Paul Dawkins 419 


http://tutorial.math.lamar.edu/terms.aspx 


Differential Equations 


(b) Jis=2 on 0<x<L 
The even extension of this function is, 


oe f (x) i Osea 2 
a(x)= f(-x) if -L<x<0 
x if 02451. 

= a if -L<x<0 


The sketch of the function and the even extension is, 
Graph of f(x) Graph of Even Extension of (x) 


=F L 


[Return to Problems] 


L if O<x<4 


2 
or)", if £<x<L 


2 
Here is the even extension of this function, 


— i.e eSh 
EG L 
_ 42 if > 
i L 
7 if = oa” 
<-> if =Lacs=— 


The sketch of the function and the even extension is, 
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Graph of (x) Graph of Even Extension of ~ (x) 
7 
a Et -_ =! Da 


[Return to Problems| 


Okay, let’s now think about how we can use the even extension of a function to find the Fourier 


cosine series of any function f (x) on 0<xXx<L. 


So, given a function f (x) we'll let g(x) be the even extension as defined above. Now, g (x) 


is an even function on —L <x < ZL and so we can write down its Fourier cosine series. This is, 


II 
So 


1 pL 
(2)=3 4, c05( 2") ie ; 
g(x)=)> A, cos| — = L 
me 2 *| F(s)o0s{ "2" Jay n#0 


L 


and note that we’ll use the second form of the integrals to compute the constants. 


Now, because we know that on 0< x < L we have f (x) =g (x) and so the Fourier cosine 


series of f (x) on 0<x<L isalso given by, 
1 pL 
. — an f (x)dx n=0 
(x)= 4, 00s{ 2) Ayo (t (ans 
a —]| f(x)cos} ——|dx  n#0 
Ld Li 


Let’s take a look at a couple of examples. 
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Example 3 Find the Fourier cosine series for f (x) =L-x on O0SxSL. 


Solution 
All we need to do is compute the coefficients so here is the work for that, 


lope 1 pe L 
4 =, f(x)de=— |) L-xde= 5 


(set) 122) 


2( L 2L nt 
=2( 6 |(-Leos(n)+ 1) = 25, (14(-1) ‘) R=1,2;3,05; 


Note that as we did with the first example in this section we stripped out the A, term before we 
plugged in the coefficients. 


Next, let’s find the Fourier cosine series of an odd function. Note that this is doable because we 
are really finding the Fourier cosine series of the even extension of the function. 


Example 4 Find the Fourier cosine series for f (x) =. on 0X es h, 


Solution 
The integral for A, is simple enough but the integral for the rest will be fairly messy as it will 


require three integration by parts. We’ll leave most of the details of the actual integration to you 
to verify. Here’s the work, 


Be A Nnmx 
4-2 F(s)o0s{ 22" Jax == | ¥ cos{ “a 
Bie L Tals i 

L 


L 
se a [nns(was? 612 )sin( 222+ (azn%a's? 60" )oos( “2 
LY\ nan L L . 
== i (nzL(n°x°L? 61" )sin (nz) +(3L'n°x? -6L’)cos(nz) +61’ | 
nn 
2( 3 n\_ 6D n 
Sa (2+(n?x?-2)(-1) )= aa (2+(n?a? -2)(—1) ee ae 
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The Fourier cosine series for this function is then, 


x) Hy (24(n°x? -2)(-1)')eos{ "2*) 


Finally, let’s take a quick look at a piecewise function. 


Example 5 Find the Fourier cosine series for f (x) = | on 0<x<L. 


Solution 
We’ll need to split up the integrals for each of the coefficients here. Here are the coefficients. 


= Tif )ae= | fi flare [i rar] 
a [fe +f ee eel ene cae 2 |-% 
eo ae a lake en Be I 


For the rest of the coefficients here is the integral we’ll need to do. 


AF rome) Af seme) ree 
Alaa E [Ce 


To make life a little easier let’s do each of these separately. 


z 2 Al =| . (=) jae (=) 
= sin = sin 
5. SE 2, 2nn 2 


say nNmax Li L\. (nax 
cos dx = sin 
eee L 2\ nt L 
L 6 
L nax Li{ L nNax L\.(nax 
x cos dx = cos +| x sin 
4 2 L na \ nw L 2 L 


= 4 {costa )+=sin(n 1) ~~ cos(*2) 


ni ni 


Putting these together gives, 
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So, after all that work the Fourier cosine series is then, 


f(x)=S4+y an [ 1)’ cos") + sin 9) oos( 
n=l 


Note that much as we saw with the Fourier sine series many of the coefficients will be quite 
messy to deal with. 
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Fourier Series 


Okay, in the previous two sections we’ve looked at Fourier sine and Fourier cosine series. It is 
now time to look at a Fourier series. With a Fourier series we are going to try to write a series 
representation for f (x) on —L <x <L in the form, 


yy! cos( “2 )+¥a, sin( "2" 


n=0 n= 


So, a Fourier series is, in some way a combination of the Fourier sine and Fourier cosine series. 
Also, like the Fourier sine/cosine series we’ ll not worry about whether or not the series will 


actually converge to f (x) or not at this point. For now we’ll just assume that it will converge 
and we’ ll discuss the convergence of the Fourier series in a later section. 


Determining formulas for the coefficients, A, and B,, will be done in exactly the same manner 


as we did in the previous two sections. We will take advantage of the fact that {cos (22% nae naz)" : 
n= 


and }sin a ~ are mutually orthogonal on —L < x < L as we proved earlier. We’ll also 
n=1 


need the ‘ieee formulas that we derived when we proved the two sets were mutually 
orthogonal. 


- 2L ifn=m=0 
| cos( “2 Joos{ Ja = L ifn=m#0 
= L L . 
0 ifn#m 


L ‘i 
| : [“=*) ; (==) L ifn=m 
sin| —— |sin dx = } 
aa ie L 0 ifn#m 


MTX 


So, let’s start off by multiplying both sides of the series above by cos (“4 ) and integrating from 


—L to L. Doing this gives, 


L L 


f/f (2)c0s(22)ax = v4, cos(“#*)cos(“#*) dx + > B, sin (22) cos (#) dx 


—L n=0 —L n=l 


Now, just as we’ve been able to do in the last two sections we can interchange the integral and the 
summation. Doing this gives, 


[fl )oos("*)dx = a cos(*#)cos(E*) dx+> 8, [, sin(“*)cos (7) dx 
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We can now take advantage of the fact that the sines and cosines are mutually orthogonal. The 
integral in the second series will always be zero and in the first series the integral will be zero if 
n#m and so this reduces to, 


max A,(2L) ifn=m=0 
L7G¢ )cos (“7 Jac] Se 


Solving for A, gives, 


4, =—[- f (x)cos(#)dx m=1,2,3,... 


MX 


Now, do it all over again only this time multiply both sides by sin (“4 )s integrate both sides 


from —L to L and interchange the integral and summation to get, 


[. f (x )sin (77) dx = 4, fe cos("E)sin(™E)ae+ 8," sin(“7 


*)sin("*) dx 


In this case the integral in the first series will always be zero and the second will be zero if n #m 
and so we get, 


(FG) sin(“7*) dx = B,(L) 


Finally, solving for B,, gives, 
B, =o, f (x)sin(2=)dx m=1,2,3,... 


In the previous two sections we also took advantage of the fact that the integrand was even to 
give a second form of the coefficients in terms of an integral from 0 to Z. However, in this case 


we don’t know anything about whether f (x) will be even, odd, or more likely neither even nor 


odd. Therefore, this is the only form of the coefficients for the Fourier series. 


Before we start examples let’s remind ourselves of a couple of formulas that we’ll make heavy 
use of here in this section, as we’ve done in the previous two sections as well. Provided 7 in an 


integer then, 
cos (nz) =(-1)’ sin(n)=0 


In all of the work that we’ll be doing here n will be an integer and so we’ll use these without 
comment in the problems so be prepared for them. 


Also don’t forget that sine is an odd function, i.e. sin (-x) =—sin (x) and that cosine is an even 


function, i.e. COs (-x) = cos (x) . We’ll also be making heavy use of these ideas without 


comment in many of the integral evaluations so be ready for these as well. 
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Now let’s take a look at an example. 


Example 1 Find the Fourier series for f (x) =L-x on -LSx<l. 


Solution 
So, let’s go ahead and just run through formulas for the coefficients. 


1 fz 1 fe 
A == |_f(x)de= J] L-xde =k 


A, =E | s(spoos{ 22 Jar=F | (L-s)oos{ 2 a 
1 


spall 


= 5 Es] ant sin(-n)) =0 n=1,2,3.... 
n 


22 
a 


B, <4 r(x)sin{ 22 Jac=4 [ (c-2)sin( Ja 
“Cet ) e992] 


2 


2 + x(n cos (nz) -2sin(na) aoe. 


-L 


L 


n=1,2,3,... 


Note that in this case we had A, #0 and A, =0, n=1,2,3,... This will happen on occasion so 
don’t get excited about this kind of thing when it happens. 


The Fourier series is then, 


f(x)= a: cos( "29a, sin( "2" 
n=0 L L 
= A, +04, cos( “250, sin( "2 = py. sin( 22 


n= 


As we saw in the previous example sometimes we’ll get A, #0 and A, =0, n=1,2,3,... 


Whether or not this will happen will depend upon the function f (x) and often won’t happen, 


but when it does don’t get excited about it. 


Let’s take a look at another problem. 
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: ; ; re if =-Lsrs0 
Example 2 Find the Fourier series for f (x)= ) Qe on -L<xsl. 
Xx 1 S$XS8 


Solution 
Because of the piece-wise nature of the function the work for the coefficients is going to be a 
little unpleasant but let’s get on with it. 


=f" f(x)ae=SI [" F(a)de+ [' 7 (aa ] 
=| J bars ['2xde]=—[ 2 +2 ]=L 


sf tome) ff stom (Ef ome 
[fee [ee 


At this point it will probably be easier to do each of these individually. 


0 2 0 
| oa 
| Loos{ "2 Jay = sin( “2*) 
=f L ni L i 
L 
| 2oos{ "2 Ja ae. Loos{ 2) nasin( 2) 
; Ei Nn L L 


=| —— (L cos(nz)+naL sin(nz)—Lcos(0)) 


2 
a sin (nz) 


L 


0 


aie ((-1)" -1) 


So, if we put all of this together we have, 


A=Ef Fe Jeos( *)a0- +04 2] 1)" | 


-—=((-1)'-1) n=1,2,3,... 


So, we’ve gotten the coefficients for the cosines taken care of and now we need to take care of the 
coefficients for the sines. 
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rot some Ul) some [ome 
[fen aea 


As with the coefficients for the cosines will probably be easier to do each of these individually. 


f° asin(*22)ac=[—Zoo( 22) a2 isenGea) --(( 1)" -1) 


nt na 
L 
2x sin eee dx = = Lsin gee = nnxcos{ "2" 
‘ L nt L L 


=|s=> (L sin(nz)—naL cos(nz)) 


L 


0 


So, if we put all of this together we have, 
i ie NIX 1 n pak n 
B= — i dx = 1 1 1 
Ef reeysin( 22 )a 2] E (aya)-22 17] 
=—| -1-(-1)' |=-=(1+(-1)") n=1,2,3,... 


ni 


So, after all that work the Fourier series is, 


(*) =) 4, c0s{ 2" +02, sin( 28 *) 


AS we saw in the previous example there is often quite a bit of work involved in computing the 
integrals involved here. 


The next couple of examples are here so we can make a nice observation about some Fourier 
series and their relation to Fourier sine/cosine series 
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Example 3 Find the Fourier series for f (x) =xon -L<x<lL. 


Solution 
Let’s start with the integrals for A, . 


de 
L 
wits f (x Jeos( "2" “)a -+| veos( "2 Jaro 
| ees L 
In both cases note that we are integrating an odd function (x is odd and cosine is even so the 
product is odd) over the interval [-L, L| and so we know that both of these integrals will be zero. 


Next here is the integral for B, 


io ae NX i ae NX f° NX 
-+| f(x)sin{ 2 Jax == | ssin[ Jav=2 | ssin( 2 Jay 
Le) L has L LJ L 


In this case we’re integrating an even function (x and sine are both odd so the product is even) on 


the interval [-L, L| and so we can “simplify” the integral as shown above. The reason for doing 


this here is not actually to simplify the integral however. It is instead done so that we can note 
that we did this integral back in the Fourier sine series section and so don’t need to redo it in this 
section. Using the previous result we get, 


(- iy aL 


ni 


R= 


n 


n=1,2,3,... 
In this case the Fourier series is, 


a4 cos( 228 “+55, sin( 22) 5 C24 (ma) 


n=0 


If you go back and take a look at Example 1 in the Fourier sine series section, the same example 
we used to get the integral out of, you will see that in that example we were finding the Fourier 


sine series for f (x) =x on -L<x<L. The important thing to note here is that the answer 


that we got in that example is identical to the answer we got here. 


If you think about it however, this should not be too surprising. In both cases we were using an 
odd function on —L < x < L and because we know that we had an odd function the coefficients 


of the cosines in the Fourier series, A, , will involve integrating and odd function over a 


n? 
symmetric interval, —L < x < L, and so will be zero. So, in these cases the Fourier sine series of 
an odd function on —L <x < L is really just a special case of a Fourier series. 
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Note however that when we moved over to doing the Fourier sine series of any function on 
0<x<L we should no longer expect to get the same results. You can see this by comparing 
Example 1 above with Example 3 in the Fourier sine series section. In both examples we are 


finding the series for f (x) =x-—L and yet got very different answers. 


So, why did we get different answers in this case? Recall that when we find the Fourier sine 
series of a function on 0 <x <Z we are really finding the Fourier sine series of the odd 
extension of the function on —L < x < L and then just restricting the result downto O< x<L. 
For a Fourier series we are actually using the whole function on —L < x < L instead of its odd 
extension. We should therefore not expect to get the same results since we are really using 
different functions (at least on part of the interval) in each case. 


So, if the Fourier sine series of an odd function is just a special case of a Fourier series it makes 
some sense that the Fourier cosine series of an even function should also be a special case of a 
Fourier series. Let’s do a quick example to verify this. 


Example 4 Find the Fourier series for f(x) =x’ on -L<x<L. 


Solution 
Here are the integrals for the A, and in this case because both the function and cosine are even 
we’ ll be integrating an even function and so can “simplify” the integral. 


L 
i i NIX a i p NIX oe i 9 NIX 
A,=—| f(x)cos dx=—]| x’ cos dx=—]| x° cos} —— |dx 
ps L Bis i ae L 


As with the previous example both of these integrals were done in Example 1 in the Fourier 
cosine series section and so we’ll not bother redoing them here. The coefficients are, 


yee ee ee 
1 


Next here is the integral for the B, 


L L 
B, -+| F(x)sin| "as -+| x sin 2 Jay =(0 
LJ, L a L 


In this case the function is even and sine is odd so the product is odd and we’re integrating over 
—L<x<L and so the integral is zero. 


The Fourier series is then, 


es 2S 4P (-1)' 
(2) = 4,c0s( “2 ) +a, sin 22") 2 +>) —S y cos( “2*) 
n=l 


n=0 n=l naw 
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As suggested before we started this example the result here is identical to the result from Example 
1 in the Fourier cosine series section and so we can see that the Fourier cosine series of an even 
function is just a special case a Fourier series. 
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Convergence of Fourier Series 


Over the last few sections we’ ve spent a fair amount of time to computing Fourier series, but 
we’ ve avoided discussing the topic of convergence of the series. In other words, will the Fourier 
series converge to the function on the given interval? 


In this section we’re going to address this issue as well as a couple of other issues about Fourier 
series. We’ll be giving a fair number of theorems in this section but are not going to be proving 
any of them. We’ll also not be doing a whole lot of in the way of examples in this section. 


Before we get into the topic of convergence we need to first define a couple of terms that well 
run into in the rest of the section. First, we say that f (x) has a jump discontinuity at x =a if 
the limit of the function from the left, denoted f (a ) , and the limit of the function from the 


right, denoted f(a’), both exist and f(a) - f(a’). 


Next, we say that f (x) is piecewise smooth if the function can be broken into distinct pieces 


and on each piece both the function and its derivative, f’ (x) , are continuous. A piecewise 


smooth function may not be continuous everywhere however the only discontinuities that are 
allowed are a finite number of jump discontinuities. 


Let’s consider the function, 
L if -L<x<0 


a)=4), if O<x<L 


We found the Fourier series for this function in Example 2 of the previous section. Here is a 
sketch of this function on the interval on which it is defined, i.e. -L<x<L. 


2i 


I L 


This function has a jump discontinuity at x =0 because f (0") =L40=f (0*) and note that 


on the intervals -L <x <0 and 0<x<LZ both the function and its derivative are continuous. 
This is therefore an example of a piecewise smooth function. Note that the function itself is not 
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continuous at x = 0 but because this point of discontinuity is a jump discontinuity the function is 
still piecewise smooth. 


The last term we need to define is that of periodic extension. Given a function, f (x) , defined 


on some interval, we’ll be using —L < x < L exclusively here, the periodic extension of this 
function is the new function we get by taking the graph of the function on the given interval and 
then repeating that graph to the right and left of the graph of the original function on the given 
interval. 


It is probably best to see an example of a periodic extension at this point to help make the words 
above a little clearer. Here is a sketch of the period extension of the function we looked at above, 


The original function is the solid line in the range -L <x < L. We then got the periodic 
extension of this by picking this piece up and copying it every interval of length 2Z to the night 
and left of the original graph. This is shown with the two sets of dashed lines to either side of the 
original graph. 


Note that the resulting function that we get from defining the periodic extension is in fact a new 
periodic function that is equal to the original functionon —L<x<L. 


With these definitions out of the way we can now proceed to talk a little bit about the 
convergence of Fourier series. We will start off with the convergence of a Fourier series and once 
we have that taken care of the convergence of Fourier Sine/Cosine series will follow as a direct 
consequence. Here then is the theorem giving the convergence of a Fourier series. 


Convergence of Fourier series 


Suppose f (x) is a piecewise smooth on the interval -L <x <L. The Fourier series of f (x) 


will then converge to, 
1. the periodic extension of f ( x) if the periodic extension is continuous. 


2. the average of the two one-sided limits, 4 ca (a) + f (a* )| , 1f the periodic extension 


has a jump discontinuity at x=a. 
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The first thing to note about this is that on the interval —L < x < L both the function and the 
periodic extension are equal and so where the function is continuous on —L < x < L the periodic 
extension will also be continuous and hence at these points the Fourier series will in fact converge 
to the function. The only points in the interval —Z < x < L where the Fourier series will not 
converge to the function is where the function has a jump discontinuity. 


Let’s again consider Example 2 of the previous section. In that section we found that the Fourier 
series of, 
L if -L<x<0 


Ha)={), if O<x<L 
on —L<x<Ltobe, 


f(x)=L+) 


n=l 


== ((-1)" -t)eos( "2 )-9° 4 (14 (-1)')sin{ 22 


n=l Nn 


We now know that in the intervals -—L <x <0 and 0<x<L the function and hence the 
periodic extension are both continuous and so on these two intervals the Fourier series will 
converge to the periodic extension and hence will converge to the function itself. 


At the point x = 0 the function has a jump discontinuity and so the periodic extension will also 
have a jump discontinuity at this point. That means that atx = 0 the Fourier series will converge 
to, 

1 1 L 

—| f(0 )+ f(0°)|=—|L+0]/=— 

LF (™)+ (0°) J= a1 +0] =5 


At the two endpoints of the interval, x =—Z and x = L, we can see from the sketch of the 
periodic extension above that the periodic extension has a jump discontinuity here and so the 


Fourier series will not converge to the function there but instead the averages of the limits. 


So, at x =—L the Fourier series will converge to, 


1 a 1 3L 
and at x = L the Fourier series will converge to, 
1 7 1 3L 


Now that we have addressed the convergence of a Fourier series we can briefly turn our attention 
to the convergence of Fourier sine/cosine series. First, as noted in the previous section the 
Fourier sine series of an odd function on —L < x < L and the Fourier cosine series of an even 
function on —L < x < L are both just special cases of a Fourier series we now know that both of 
these will have the same convergence as a Fourier series. 


Next, if we look at the Fourier sine series of any function, g (x) ,on 0< x <L then we know 


that this is just the Fourier series of the odd extension of g (x) restricted down to the interval 
0<x<L. Therefore, we know that the Fourier series will converge to the odd extension on 

—L <x <L where it is continuous and the average of the limits where the odd extension has a 
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jump discontinuity. However, on 0<x< ZL we know that g (x) and the odd extension are 


equal and so we can again see that the Fourier sine series will have the same convergence as the 
Fourier series. 


Likewise, we can go through a similar argument for the Fourier cosine series using even 
extensions to see that Fourier cosine series for a function on 0< x <L will also have the same 
convergence as a Fourier series. 


The next topic that we want to briefly discuss here is when will a Fourier series be continuous. 
From the theorem on the convergence of Fourier series we know that where the function is 
continuous the Fourier series will converge to the function and hence be continuous at these 
points. The only places where the Fourier series may not be continuous is if there is a jump 
discontinuity on the interval —L < x < L and potentially at the endpoints as we saw that the 
periodic extension may introduce a jump discontinuity there. 


So, if we’re going to want the Fourier series to be continuous everywhere we’ll need to make sure 
that the function does not have any discontinuities in -L <x <L. Also, in order to avoid having 


the periodic extension introduce a jump discontinuity we’ll need to require that f (-L) =i (2) : 


By doing this the two ends of the graph will match up when we form the periodic extension and 
hence we will avoid a jump discontinuity at the end points. 


Here is a summary of these ideas for a Fourier series. 


Suppose f (x) is a piecewise smooth on the interval -L <x <L. The Fourier series of f (x) 
will be continuous and will converge to f (x) on -L<x<L provided f (x) is continuous on 


-L<x<L and f(-L)=f(L). 


Now, how can we use this to get similar statements about Fourier sine/cosine series on 
0<x<L? Let’s start with a Fourier cosine series. The first thing that we do is form the even 


extension of f (x) on —L <x<L. For the purposes of this discussion let’s call the even 
extension g (x) As we saw when we sketched several even extensions in the Fourier cosine 


series section that in order for the sketch to be the even extension of the function we must have 
both, 


g(0)=8(0") g(-L)=s(L) 
If one or both of these aren’t true then g (x) will not be an even extension of f (x) ; 


So, in forming the even extension we do not introduce any jump discontinuities at x =0 and we 


get for free that g (-L) =9g (L) . If we now apply the above theorem to the even extension we 


see that the Fourier series of the even extension is continuous on —L <x < L. However, because 
the even extension and the function itself are the same on 0 < x < L then the Fourier cosine 


series of f (x) must also be continuous on 0< x<L. 
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Here is a summary of this discussion for the Fourier cosine series. 


Suppose f (x) is a piecewise smooth on the interval 0 <x < JZ. The Fourier cosine series of 


Va (x) will be continuous and will converge to f (x) on 0<x<L provided f (x) iS 


continuous on 0<x<ZL. 


Note that we don’t need any requirements on the end points here because they are trivially 
satisfied when we convert over to the even extension. 


For a Fourier sine series we need to be a little more careful. Again, the first thing that we need to 
do is form the odd extension on —L <x < L and let’s call it g (x) . We know that in order for it 
to be the odd extension then we know that at all points in —L < x < L it must satisfy 

g (-x) =-g (x) and that is what can lead to problems. 


As we saw in the Fourier sine series section it is very easy to introduce a jump discontinuity at 
x =0 when we form the odd extension. In fact, the only way to avoid forming a jump 


discontinuity at this point is to require that f (0) =0. 


Next, the requirement that at the endpoints we must have g (-L) =— (L) will practically 
guarantee that we’ll introduce a jump discontinuity here as well when we form the odd extension. 
Again, the only way to avoid doing this is to require f (L) =); 


So, with these two requirements we will get an odd extension that is continuous and so we know 
that the Fourier series of the odd extension on —L < x < L will be continuous and hence the 
Fourier sine series will be continuous on O< x <L. 


Here is a summary of all this for the Fourier sine series. 


Suppose f (x) is a piecewise smooth on the interval 0 <x < ZL. The Fourier sine series of 
Ne (x) will be continuous and will converge to f (x) on 0<x<L provided f (x) is 
continuous on 0< x<L, f(0)=0 and f(L)=0. 


The next topic of discussion here is differentiation and integration of Fourier series. In particular, 
we want to know if we can differentiate a Fourier series term by term and have the result be the 
Fourier series of the derivative of the function. Likewise, we want to know if we can integrate a 
Fourier series term by term and arrive at the Fourier series of the integral of the function. 


Note that we’ll not be doing much discussion of the details here. All we’re really going to be 
doing is giving the theorems that govern the ideas here so that we can say we’ve given them. 


Let’s start off with the theorem for term by term differentiation of a Fourier series. 
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Given a function f (x) if the derivative, f’ (x) , 1S piecewise smooth and the Fourier series of 
fs (x) is continuous then the Fourier series can be differentiated term by term. The result of the 


differentiation is the Fourier series of the derivative, f' ( | : 


One of the main condition of this theorem is that the Fourier series be continuous and from above 
we also know the conditions on the function that will give this. So, if we add this into the 
theorem to get this form of the theorem, 


Suppose f (x) is a continuous function, its derivative f i) is piecewise smooth and 


a (-L) =p (L) then the Fourier series of the function can be differentiated term by term and the 


result is the Fourier series of the derivative. 


For Fourier cosine/sine series the basic theorem is the same as for Fourier series. All that’s 
required is that the Fourier cosine/sine series be continuous and then you can differentiate term by 
term. The theorems that we’ll give here will merge the conditions for the Fourier cosine/sine 
series to be continuous into the theorem. 


Let’s start with the Fourier cosine series. 


Suppose f (x) is a continuous function and its derivative f ‘(x) is piecewise smooth then the 


Fourier cosine series of the function can be differentiated term by term and the result is the 
Fourier sine series of the derivative. 


Next the theorem for Fourier sine series. 


Suppose f (x) is a continuous function, its derivative f (x) is piecewise smooth, f (0) = (0 and 
7 (L) = () then the Fourier sine series of the function can be differentiated term by term and the 


result is the Fourier cosine series of the derivative. 


The theorem for integration of Fourier series term by term is simple so there it is. 


Suppose f (x) is piecewise smooth then the Fourier sine series of the function can be integrated 


term by term and the result is a convergent infinite series that will converge to the integral of 


f (2). 


Note however that the new series that results from term by term integration may not be the 
Fourier series for the integral of the function. 
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Partial Differential Equations 


Introduction 


In this chapter we are going to take a very brief look at one of the more common methods for 
solving simple partial differential equations. The method we’ll be taking a look at is that of 
Separation of Variables. 


We need to make it very clear before we even start this chapter that we are going to be doing 
nothing more than barely scratching the surface of not only partial differential equations but also 
of the method of separation of variables. It would take several classes to cover most of the basic 
techniques for solving partial differential equations. The intent of this chapter is to do nothing 
more than to give you a feel for the subject and if you’d like to know more taking a class on 
partial differential equations should probably be your next step. 


Also note that in several sections we are going to be making heavy use of some of the results 
from the previous chapter. That in fact was the point of doing some of the examples that we did 
there. Having done them will, in some cases, significantly reduce the amount of work required in 
some of the examples we’ll be working in this chapter. When we do make use of a previous 
result we will make it very clear where the result is coming from. 


Here is a brief listing of the topics covered in this chapter. 


The Heat Equation — We do a partial derivation of the heat equation in this section as 
well as a discussion of possible boundary values. 


The Wave Equation — Here we do a partial derivation of the wave equation. 


Terminology — In this section we take a quick look at some of the terminology used in 
the method of separation of variables. 


Separation of Variables — We take a look at the first step in the method of separation of 
variables in this section. This first step is really the step that motivates the whole process. 


Solving the Heat Equation — In this section we go through the complete separation of 
variables process and along the way solve the heat equation with three different sets of 
boundary conditions. 


Heat Equation with Non-Zero Temperature Boundaries — Here we take a quick look 
at solving the heat equation in which the boundary conditions are fixed, non-zero 


temperature conditions. 


Laplace’s Equation — We discuss solving Laplace’s equation on both a rectangle and a 
disk in this section. 
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Vibrating String — Here we solve the wave equation for a vibrating string. 


Summary of Separation of Variables — In this final section we give a quick summary of 
the method of separation of variables. 
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The Heat Equation 


Before we get into actually solving partial differential equations and before we even start 
discussing the method of separation of variables we want to spend a little bit of time talking about 
the two main partial differential equations that we’ll be solving later on in the chapter. We’ll look 
at the first one in this section and the second one in the next section. 


The first partial differential equation that we'll be looking at once we get started with solving will 
be the heat equation, which governs the temperature distribution in an object. We are going to 
give several forms of the heat equation for reference purposes, but we will only be really solving 
one of them. 


We will start out by considering the temperature in a 1-D bar of length ZL. What this means is that 
we are going to assume that the bar starts off at x =0 and ends when we reach x =L. Weare 
also going to so assume that at any location, x the temperature will be constant an every point in 
the cross section at that x. In other words, temperature will only vary in x and we can hence 
consider the bar to be a 1-D bar. Note that with this assumption the actual shape of the cross 
section (i.e. circular, rectangular, etc.) doesn’t matter. 


Note that the 1-D assumption is actually not all that bad of an assumption as it might seem at first 
glance. If we assume that the lateral surface of the bar is perfectly insulated (i.e. no heat can flow 
through the lateral surface) then the only way heat can enter or leave the bar as at either end. This 
means that heat can only flow from left to right or right to left and thus creating a 1-D 
temperature distribution. 


The assumption of the lateral surfaces being perfectly insulated is of course impossible, but it is 
possible to put enough insulation on the lateral surfaces that there will be very little heat flow 
through them and so, at least for a time, we can consider the lateral surfaces to be perfectly 
insulated. 


Okay, let’s now get some definitions out of the way before we write down the first form of the 
heat equation. 
u (x; t) = Temperature at any point x and any time ¢ 
c(x) = Specific Heat 
(x) = Mass Density 
(x,t) = Heat Flux 
O(.x,t) = Heat energy generated per unit volume per unit time 


We should probably make a couple of comments about some of these quantities before 
proceeding. 


The specific heat, c (3) > 0, of a material is the amount of heat energy that it takes to raise one 


unit of mass of the material by one unit of temperature. As indicated we are going to assume, at 
least initially, that the specific heat may not be uniform throughout the bar. Note as well that in 
practice the specific heat depends upon the temperature. However, this will generally only be an 
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issue for large temperature differences (which in turn depends on the material the bar is made out 
of) and so we’re going to assume for the purposes of this discussion that the temperature 
differences are not large enough to affect our solution. 


The mass density, o (x) , is the mass per unit volume of the material. As with the specific heat 


we’re going to initially assume that the mass density may not be uniform throughout the bar. 


The heat flux, p(x, t) , 1s the amount of thermal energy that flows to the right per unit surface 
area per unit time. The “flows to the right” bit simply tells us that if p(x, t) >0 for some x and ¢ 


then the heat is flowing to the right at that point and time. Likewise if p(x, t) <0 then the heat 
will be flowing to the left at that point and time. 


The final quantity we defined above is Q(x, t) and this is used to represent any external sources 
or sinks (i.e. heat energy taken out of the system) of heat energy. If OG t) >0 then heat energy 


is being added to the system at that location and time and if O(x, t) <0 then heat energy is being 


removed from the system at that location and time. 


With these quantities the heat equation is, 


c(x) p(x) —=-—+Q(x,t) (2) 


While this is a nice form of the heat equation it is not actually something we can solve. In this 
form there are two unknown functions, u and @, and so we need to get rid of one of them. With 


Fourier’s law we can easily remove the heat flux from this equation. 


Fourier’s law states that, 
Ou 
,t)=—-K, — 
(t)=—Ky (x) 


where K, (x) > 0 is the thermal conductivity of the material and measures the ability of a given 


material to conduct heat. The better a material can conduct heat the larger K, (x) will be. As 


noted the thermal conductivity can vary with the location in the bar. Also, much like the specific 
heat the thermal conductivity can vary with temperature, but we will assume that the total 
temperature change is not so great that this will be an issue and so we will assume for the 
purposes here that the thermal conductivity will not vary with temperature. 


Fourier’s law does a very good job of modeling what we know to be true about heat flow. First, 


' ie os Ou 
we know that if the temperature in a region is constant, i.e. a = (), then there is no heat flow. 
x 


Next, we know that if there is a temperature difference in a region we know the heat will flow 
from the hot portion to the cold portion of the region. For example, if it is hotter to the right then 
we know that the heat should flow to the left. When it is hotter to the right then we also know 
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Ou : : 
that ae >0 (i.e. the temperature increases as we move to the right) and so we’ll have @ <0 and 
x 


so the heat will flow to the left as it should. Likewise, if = <0 (ie. it is hotter to the left) then 
x 


we’ll have @ > 0 and heat will flow to the right as it should. 


Ou . 
Finally, the greater the temperature difference in a region (i.e. the larger = is) then the greater 
x 


the heat flow. 


So, if we plug Fourier’s law into (1), we get the following form of the heat equation, 


(x) (x) S=L[ KS) +00) ) 


Note that we factored the minus sign out of the derivative to cancel against the minus sign that 
was already there. We cannot however, factor the thermal conductivity out of the derivative since 
it is a function of x and the derivative is with respect to x. 


Solving (2) is quite difficult due to the non uniform nature of the thermal properties and the mass 
density. So, let’s now assume that these properties are all constant, i.e., 


c(x)=c p(x)=p Ky (x)=K, 
where c, p and K, are now all fixed quantities. In this case we generally say that the material in 
the bar is uniform. Under these assumptions the heat equation becomes, 
Ou Oru 
cp—=K,— +O(x,t 4 

P at Be O( ) (4) 
For a final simplification to the heat equation let’s divide both sides by cp and define the 
thermal diffusivity to be, 


The heat equation is then, 
Gu, Ou O(x,t) 
—=k—,+ 
Ot Ox ce 


(5) 


To most people this is what they mean when they talk about the heat equation and in fact it will 
be the equation that we’ll be solving. Well, actually we'll be solving (4) with no external sources, 


i.e. O(x, t) = 0), but we’ll be considering this form when we start discussing separation of 


variables in a couple of sections. We’ll only drop the sources term when we actually start solving 
the heat equation. 


Now that we’ve got the 1-D heat equation taken care of we need to move into the initial and 
boundary conditions we’ll also need in order to solve the problem. If you go back to any of our 
solutions of ordinary differential equations that we’ve done in previous sections you can see that 
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the number of conditions required always matched the highest order of the derivative in the 
equation. 


In partial differential equations the same idea holds except now we have to pay attention to the 
variable we’re differentiating with respect to as well. So, for the heat equation we’ve got a first 
order time derivative and so we’ll need one initial condition and a second order spatial derivative 
and so we’ll need two boundary conditions. 


The initial condition that we’ ll use here is, 

u(x,0)= f(x) 
and we don’t really need to say much about it here other than to note that this just tells us what 
the initial temperature distribution in the bar is. 


The boundary conditions will tell us something about what the temperature and/or heat flow is 
doing at the boundaries of the bar. There are four of them that are fairly common boundary 
conditions. 


The first type of boundary conditions that we can have would be the prescribed temperature 
boundary conditions, also called Dirichlet conditions. The prescribed temperature boundary 
conditions are, 


u(0,t)= g,(t) u(L,t)=g, (¢) 


The next type of boundary conditions are prescribed heat flux, also called Neumann 
conditions. Using Fourier’s law these can be written as, 


-K,(0) 


ox 


(0,1)=a,(1) -K,(L)A(L,1)=0(1) 


If either of the boundaries are perfectly insulated, i.e. there is no heat flow out of them then 
these boundary conditions reduce to, 
Ou 
x 
and note that we will often just call these particular boundary conditions insulated boundaries 
and drop the “perfectly” part. 


Ou 
0,t)=0 —(L,t)=0 


The third type of boundary conditions use Newton’s law of cooling and are sometimes called 
Robins conditions. These are usually used when the bar is in a moving fluid and note we can 
consider air to be a fluid for this purpose. 


Here are the equations for this kind of boundary condition. 


0 


IX 


Ou 


(0.1)=-H[(0.1)-a()] — -Ko(L)— 


(1.1) = H[u(L.t)-2,(0)] 
where H is a positive quantity that is experimentally determined and g, (¢) and g, (t) give the 


temperature of the surrounding fluid at the respective boundaries. 


Note that the two conditions do vary slightly depending on which boundary we are at. At x =0 
we have a minus sign on the right side while we don’t at x = L. To see why this is let’s first 
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assume that at x =0 we have u (0, t) Paes (t) . In other words the bar is hotter than the 


surrounding fluid and so at x = 0 the heat flow (as given by the left side of the equation) must be 
to the left, or negative since the heat will flow from the hotter bar into the cooler surrounding 
liquid. If the heat flow is negative then we need to have a minus sign on the right side of the 
equation to make sure that it has the proper sign. 


If the bar is cooler than the surrounding fluid at x =0, i.e. u (0,1) <2, (t) we can make a 


similar argument to justify the minus sign. We’ll leave it to you to verify this. 


If we now look at the other end, x = L, and again assume that the bar is hotter than the 
surrounding fluid or, u (Z, t) 2 (t) . In this case the heat flow must be to the right, or be 


positive, and so in this case we can’t have a minus sign. Finally, we’ll again leave it to you to 
verify that we can’t have the minus sign at x = L is the bar is cooler than the surrounding fluid as 
well. 


Note that we are not actually going to be looking at any of these kinds of boundary conditions 
here. These types of boundary conditions tend to lead to boundary value problems such as 
Example 5 in the Eigenvalues and Eigenfunctions section of the previous chapter. As we saw in 
that example it is often very difficult to get our hands on the eigenvalues and as we’ll eventually 
see we will need them. 


It is important to note at this point that we can also mix and match these boundary conditions so 
to speak. There is nothing wrong with having a prescribed temperature at one boundary and a 
prescribed flux at the other boundary for example so don’t always expect the same boundary 
condition to show up at both ends. This warning is more important that it might seem at this 
point because once we get into solving the heat equation we are going to have the same kind of 
condition on each end to simplify the problem somewhat. 


The final type of boundary conditions that we’ll need here are periodic boundary conditions. 
Periodic boundary conditions are, 
Ou Ou 
u(—L,t)=u(L,t —(-L,t)=—(L,t 
(-L.t)=u(L.t) MH (1,1) = “4 (L,2) 


Note that for these kinds of boundary conditions the left boundary tends to be x = —L instead of 
x =0 as we were using in the previous types of boundary conditions. The periodic boundary 


conditions will arise very naturally from a couple of particular geometries that we’ ll be looking at 
down the road. 


We will now close out this section with a quick look at the 2-D and 3-D version of the heat 
equation. However, before we jump into that we need to introduce a little bit of notation first. 


The del operator is defined to be, 


depending on whether we are in 2 or 3 dimensions. Think of the del operator as a function that 
takes functions as arguments (instead of numbers as we’re used to). Whatever function we 
“plug” into the operator gets put into the partial derivatives. 
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So, for example in 3-D we would have, 
op 870503 
Oy Ok 


This of course is also the gradient of the function f (a y, ray 


The del operator also allows us to quickly write down the divergence of a function. So, again 
using 3-D as an example the divergence of f (ee ys z) can be written as the dot product of the del 


operator and the function. Or, 
re 
Ox ae Ok 
Finally, we will also see the Seg show up in our work, 


vine b (aE ae th 
Ox) Oy\ Oy) Oz\ Ok) Ox Oy 


This is usually denoted as, 


2 2 2 
vpn 2h OF oF 

Ox “OV? - -@z 
and is called the Laplacian. The 2-D version of course simply doesn’t have the third term. 


Okay, we can now look into the 2-D and 3-D version of the heat equation and where ever the del 
operator and or Laplacian appears assume that it is the appropriate dimensional version. 


The higher dimensional version of (1) is, 
Ou 
Da NOLS (6) 
and note that the specific heat, c, and mass density, 9 , are may not be uniform and so may be 


functions of the spatial variables. Likewise, the external sources term, Q, may also be a function 
of both the spatial variables and time. 


Next, the higher dimensional version of Fourier’s law is, 
g=—-K,Vu 


where the thermal conductivity, K,, is again assumed to be a function of the spatial variables. 


If we plug this into (5) we get the heat equation for a non uniform bar (i.e. the thermal properties 
may be functions of the spatial variables) with external sources/sinks, 


cpa =v. (K,Vu)+O (7) 


If we now assume that the specific heat, mass density and thermal conductivity are constant (i.e. 
the bar is uniform) the heat equation becomes, 


cs =kVut g (8) 
Ot cp 
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where we divided both sides by cp to get the thermal diffusivity, 4 in front of the Laplacian. 


The initial condition for the 2-D or 3-D heat equation is, 


u(x,y.t)= f(x,y) or u(x,y,2,t) =f (x,y,z) 
depending upon the dimension we’re in. 


The prescribed temperature boundary condition becomes, 
u(x, y,t)=T (x, y.t} or u(x, ¥,2,t)=T (x,.y,2,t) 
where (xe y) or eS y, z) , depending upon the dimension we’re in, will range over the portion of 


the boundary in which we are prescribing the temperature. 


The prescribed heat flux condition becomes, 
—K,Vueni =9(t) 


where the left side is only being evaluated at points along the boundary and 7 is the outward unit 
normal on the surface. 


Newton’s law of cooling will become, 
—K,Vuen= A (u —u; ) 
where H is a positive quantity that is experimentally determine, wu, is the temperature of the fluid 


at the boundary and again it is assumed that this is only being evaluated at points along the 
boundary. 


We don’t have periodic boundary conditions here as they will only arise from specific 1-D 
geometries. 


We should probably also acknowledge at this point that we'll not actually be solving (7) at any 
point, but we will be solving a special case of it in the Laplace’s Equation section. 
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The Wave Equation 


In this section we want to consider a vertical string of length L that has been tightly stretched 
between two points at x =0 and x=L. 


Because the string has been tightly stretched we can assume that the slope of the displaced string 
at any point is small. So just what does this do for us? Let’s consider a point x on the string in its 
equilibrium position, i.e. the location of the point at t=0. As the string vibrates this point will 
be displaced both vertically and horizontally, however, if we assume that at any point the slope of 
the string is small then the horizontal displacement will be very small in relation to the vertical 
displacement. This means that we can now assume that at any point x on the string the 


displacement will be purely vertical. So, let’s call this displacement u (a2 ) ; 


We are going to assume, at least initially, that the string is not uniform and so the mass density of 
the string, p(x) may be a function of x. 


Next we are going to assume that the string is perfectly flexible. This means that the string will 
have no resistance to bending. This in turn tells us that the force exerted by the string at any point 
x on the endpoints will be tangential to the string itself. This force is called the tension in the 


string and its magnitude will be given by T (oat): 


Finally, we will let Q(x, t) represent the vertical component per unit mass of any force acting on 


the string. 


Provided we again assume that the slope of the string is small the vertical displacement of the 
string at any point is then given by, 


ps) St-2 [76.4] p(x) O(x0) 0) 


This is a very difficult partial differential equation to solve so we need to make some further 
simplifications. 


First, we’re now going to assume that the string is perfectly elastic. This means that the 
magnitude of the tension, T (7% t) , will only depend upon how much the string stretches near x. 
Again, recalling that we’re assuming that the slope of the string at any point is small this means 
that the tension in the string will then very nearly be the same as the tension in the string in its 
equilibrium position. We can then assume that the tension is a constant value, 7’ (x t) =7). 


Further, in most cases the only external force that will act upon the string is gravity and if the 
string light enough the effects of gravity on the vertical displacement will be small and so will 


also assume that Q(x,t) =0. This leads to 
ou, ou 


Ce 
PoP ae 
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If we now divide by the mass density and define, 


we arrive at the 1-D wave equation, 


Ou Ou 
—— =" 10 
ae ae eo 


In the previous section when we looked at the heat equation he had a number of boundary 
conditions however in this case we are only going to consider one type of boundary conditions. 
For the wave equation the only boundary condition we are going to consider will be that of 
prescribed location of the boundaries or, 


u(0,t)=h,(t) u(L,t)=h,(t} 


The initial conditions (and yes we meant more than one...) will also be a little different here from 
what we saw with the heat equation. Here we have a 2™ order time derivative and so we’ll also 
need two initial conditions. At any point we will specify both the initial displacement of the 
string as well as the initial velocity of the string. The initial conditions are then, 

Ou 


u(x,0)= f(x) 5 east) 


For the sake of completeness we’ll close out this section with the 2-D and 3-D version of the 
wave equation. We’ll not actually be solving this at any point, but since we gave the higher 
dimensional version of the heat equation (in which we will solve a special case) we’ ll give this as 
well. 


The 2-D and 3-D version of the wave equation is, 
Ou 
mae = Cc Vu 
Ot 

where V” is the Laplacian. 
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Terminology 


We’ve got one more section that we need to take care of before we actually start solving partial 
differential equations. This will be a fairly short section that will cover some of the basic 
terminology that we’ll need in the next section as we introduce the method of separation of 
variables. 


Let’s start off with the idea of an operator. An operator is really just a function that takes a 
function as an argument instead of numbers as we’re used to dealing with in functions. You 
already know of a couple of operators even if you didn’t know that they were operators. Here are 
some examples of operators. 


eae L={ d& L=(" dx pe 
dx a Ot 
Or, if we plug in a function, say u (x) , Into each of these we get, 
du b Ou 
La= L(u) = [u(x)dx L(u)= | u(x)de L{u)=— 


These are all fairly simple examples of operators but the derivative and integral are operators. A 
more complicated operator would be the heat operator. We get the heat operator from a slight 
rewrite of the heat equation without sources. The heat operator is, 


2 
0,2 


Now, what we really want to define here is not an operator but instead a linear operator. A 
linear operator is any operator that satisfies, 


L (cu, + Gig) = cL (u, ) +c,L (u;) 


The heat operator is an example of a linear operator and this is easy enough to show using the 


basic properties of the partial derivative so let’s do that. 
2 


re) re) 
L (cu, + CU, ) = ay bei +C5, ) - ka lam + CyUy ) 


6 Fale 2 
—( 1 1+ (cu, ) k =z (cm + (Em ) 
Ot re) ox 
P Ou, Ou, F Ou, ee Ou, 
"Oot ” @t "@x? — ? Ay? 
Ou Oru Ou Oru 
=<, a ke, — +e, ra ke, ag? 


=¢,L (u, ) +c,L (u;) 
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You might want to verify for yourself that the derivative and integral operators we gave above are 
also linear operators. In fact, in the process of showing that the heat operator is a linear operator 
we actually showed as well that the first order and second order partial derivative operators are 
also linear. 


The next term we need to define is a linear equation. A linear equation is an equation in the 
form, 


L({u)=f (11) 


where ZL is a linear operator and fis a known function. 


Here are some examples of linear partial differential equations. 


2 
&u _ Ou , O#) 
Ot Ox cp 
ou _ ou 
or? Ox? 
Ou Ou Ou 21 =0 
ax? Oy Oz” 
du ,Ou Ou 
—-4—_ =—_ + 8u- yt 
a ae eo 


The first two from this list are of course the heat equation and the wave equation. The third uses 
the Laplacian and is usually called Laplace’s Equation. We’ll actually be solving the 2-D 
version of Laplace’s Equation in a few sections. The fourth equation was just made up to give a 
more complicated example. 


Notice as well with the heat equation and the fourth example above that the presence of the 
O(x, t) and g (x, t) do not prevent these from being linear equations. The main issue that 


allows these to be linear equations is the fact that the operator in each is linear. 


Now just to be complete here are a couple of examples of nonlinear partial differential equations. 


bu pu, 

Ot Ox? 
O’-u Ou Ou 
a pe (ee 
rea ear ai ca. 


We’ll leave it to you to verify that the operators in each of these are not linear however the 


problem term in the first is the u* while in the second the product of the two derivatives is the 
problem term. 


Now, if we go back to (1) and suppose that f =0 then we arrive at, 
L (uw) =0 (12) 


We call this a linear homogeneous equation (recall that Z is a linear operator). 
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Notice that u =0 will always be a solution to a linear homogeneous equation (go back to what it 
means to be linear and use c, = c, = 0 with any two solutions and this is easy to verify). We call 


u = (0) the trivial solution. In fact this is also a really nice way of determining if an equation is 
homogeneous. If L is a linear operator and we plug in u = 0 into the equation and we get 


L (w) = (0) then we will know that the operator is homogeneous. 


We can also extend the ideas of linearity and homogeneous to boundary conditions. If we go 
back to the various boundary conditions we discussed for the heat equation for example we can 
also classify them as linear and/or homogeneous. 


The prescribed temperature boundary conditions, 
u(0.0)= g,(1) u(L,t)=2,(t) 
are linear and will only be homogenous if g, (t) =0 and g, (t) =0. 


The prescribed heat flux boundary conditions, 


-K, (0) (0,1) =0 (1) -K,(L)&(L,1)=0(1) 


x 
are linear and will again only be homogeneous if @, (t) =0 and 9g, (t) =O; 


Next, the boundary conditions from Newton’s law of cooling, 


-K,(0) Ou Ou 


MH (0,1)=-H[u(0.t)-()] — -K (2) 


(L.0)=H[u(L.0)-2,(0)] 


are again linear and will only be homogenous if g, (t) =0 and g, (t) =; 


The final set of boundary conditions that we looked at were the periodic boundary conditions, 


eerie 0a, o( id= 2 (L,t) 


IX 


and these are both linear and homogeneous. 


The final topic in this section is not really terminology but is a restatement of a fact that we’ve 
seen several times in these notes already. 


Principle of Superposition 


If u, and uw, are solutions to a linear homogeneous equation then so is cu, +C,uU, for any values 


of c, and c,. 


Now, as stated earlier we’ve seen this several times this semester but we didn’t really do much 
with it. However this is going to be a key idea when we actually get around to solving partial 
differential equations. Without this fact we would not be able to solve all but the most basic of 
partial differential equations. 
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Separation of Variables 


Okay, it is finally time to at least start discussing one of the more common methods for solving 
basic partial differential equations. The method of Separation of Variables cannot always be 
used and even when it can be used it will not always be possible to get much past the first step in 
the method. However, it can be used to easily solve the 1-D heat equation with no sources, the 1- 


D wave equation, and the 2-D version of Laplace’s Equation, Vu=0. 


In order to use the method of separation of variables we must be working with a linear 
homogenous partial differential equations with linear homogeneous boundary conditions. At this 
point we’re not going to worry about the initial condition(s) because the solution that we initially 
get will rarely satisfy the initial condition(s). As we’ll see however there are ways to generate a 
solution that will satisfy initial condition(s) provided they meet some fairly simple requirements. 


The method of separation of variables relies upon the assumption that a function of the form, 
u(x,t) =@(x)G(t) (13) 

will be a solution to a linear homogeneous partial differential equation in x and ¢. This is called a 

product solution and provided the boundary conditions are also linear and homogeneous this 


will also satisfy the boundary conditions. However, as noted above this will only rarely satisfy 
the initial condition, but that is something for us to worry about in the next section. 


Now, before we get started on some examples there is probably a question that we should ask at 
this point and that is : Why? Why did we choose this solution and how do we know that it will 
work? This seems like a very strange assumption to make. After all there really isn’t any reason 
to believe that a solution to a partial differential equation will in fact be a product of a function of 
only x’s and a function of only ¢’s. This seems more like a hope than a good assumption/guess. 


Unfortunately the best answer is that we chose it because it will work. As we’ll see it works 
because it will reduce our partial differential equation down to two ordinary differential equations 
and provided we can solve those then we’re in business and the method will allow us to get a 
solution to the partial differential equations. 


So, let’s do a couple of examples to see how this method will reduce a partial differential 
equation down to two ordinary differential equations. 


Example 1 Use Separation of Variables on the following partial differential equation. 
0 om 
lade 2 — 
Ot Ox 
u(x,0)= f(x) u(0,t)=0 u(L,t)=0 
Solution 
So, we have the heat equation with no sources, fixed temperature boundary conditions (that are 


also homogeneous) and an initial condition. The initial condition is only here because it belongs 
here, but we will be ignoring it until we get to the next section. 


The method of separation of variables tells us to assume that the solution will take the form of the 


product, 
u(xst) =9(x)G(0) 
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so all we really need to do here is plug this into the differential equation and see what we get. 
0 om 
a (P(x) E(t) = ks (0(x)G (2) 


dG dp 
os) n(n! 


As shown above we can factor the p(x) out of the time derivative and we can factor the G (t) 


out of the spatial derivative. Also notice that after we’ve factored these out we no longer have a 
partial derivative left in the problem. In the time derivative we are now differentiating only 


G (t) with respect to ¢ and this is now an ordinary derivative. Likewise, in the spatial derivative 


we are now only differentiating p(x) with respect to x and so we again have an ordinary 


derivative. 


At this point it probably doesn’t seem like we’ve done much to simplify the problem. However, 
just the fact that we’ve gotten the partial derivatives down to ordinary derivatives is liable to be 
good thing even if it still looks like we’ve got a mess to deal with. 


Speaking of that apparent (and yes I said apparent) mess, is it really the mess that it looks like? 
The idea is to eventually get all the ¢’s on one side of the equation and all the x’s on the other 
side. In other words we want to “separate the variables” and hence the name of the method. In 


this case let’s notice that if we divide both sides by @ (x) G (¢) we get what we want and we 


should point out that it won’t always be as easy as just dividing by the product solution. So, 
dividing out gives us, 

1dG_,1d°o 1aG_1d’o 

G dt gp dx kG dt pdx 


Notice that we also divided both sides by k. This was done only for convenience down the road. 
It doesn’t have to be done and nicely enough if it turns out to be a bad idea we can always come 
back to this step and put it back on the right side. Likewise, if we don’t do it and it turns out to 
maybe not be such a bad thing we can always come back and divide it out. For the time being 
however, please accept our word that this was a good thing to do for this problem. We will 
discuss the reasoning for this after we’re done with this example. 


Now, while we said that this is what we wanted it still seems like we’ve got a mess. Notice 
however that the left side is a function of only ¢ and the right side is a function only of x as we 
wanted. Also notice these two functions must be equal. 


Let’s think about this for a minute. How is it possible that a function of only ?’s can be equal to a 
function of only x’s regardless of the choice of ¢ and/or x that we have? This may seem like an 
impossibility until you realize that there is one way that this can be true. If both functions (i.e. 
both sides of the equation) were in fact constant and not only a constant, but the same constant 
then they can in fact be equal. 


So, we must have, 
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1aG_ 1a 
kG dt ode 


where the —/ is called the separation constant and is arbitrary. 


The next question that we should now address is why the minus sign? Again, much like the 
dividing out the k above, the answer is because it will be convenient down the road to have 
chosen this. The minus sign doesn’t have to be there and in fact there are times when we don’t 
want it there. 


So how do we know it should be there or not? The answer to that is to proceed to the next step in 
the process (which we’ll see in the next section) and at that point we’ll know if would be 
convenient to have it or not and we can come back to this step and add it in or take it our 
depending what we chose to do here. 


Okay, let’s proceed with the process. The next step is to acknowledge that we can take the 
equation above and split it into the following two ordinary differential equations. 


dG 
GE ihe =) 
dt ge tTe 


Both of these are very simple differential equations, however because we don’t know what / is 
we actually can’t solve the spatial one yet. The time equation however could be solved at this 
point if we wanted to, although that won’t always be the case. At this point we don’t want to 
actually think about solving either of these yet however. 


The last step in the process that we’ll be doing in this section is to also make sure that our product 
solution, u (x; t) =@— (x) G (t) , satisfies the boundary conditions so let’s plug it into both of 


those. 


u(0,t)=9(0)G(t)=0 u(L,t)=9(L)G(t) =0 


Let’s consider the first one for a second. We have two options here. Either (0) =0 or 
G (t) = (0) for every t. However, if we have G (¢) = (0) for every ¢t then we’ll also have 


u (ye t) =(), i.e. the trivial solution, and as we discussed in the previous section this is definitely 


a solution to any linear homogeneous equation we would really like a non-trivial solution. 


Therefore we will assume that in fact we must have @ (0) =0(0. Likewise, from the second 


boundary condition we will get y(L) = 0) to avoid the trivial solution. Note as well that we were 
only able to reduce the boundary conditions down like this because they were homogeneous. Had 
they not been homogeneous we could not have done this. 


So, after applying separation of variables to the given partial differential equation we arrive at a 
1“ order differential equation that we’ll need to solve for G (t) and a 2™ order boundary value 


problem that we’ll need to solve for p(x) . The point of this section however is just to get to this 
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point and we’ll hold off solving these until the next section. 


Let’s summarize everything up that we’ve determined here. 
dG d° 
o* =-kAG . 
dt dx 
(0)=0 — g(Z)=0 
and note that we don’t have a condition for the time differential equation and is not a problem. 
Also note that we rewrote the second one a little. 


+Ap=0 


Okay, so just what have we learned here? By using separation of variables we were able to 
reduce our linear homogeneous partial differential equation with linear homogeneous boundary 
conditions down to an ordinary differential equation for one of the functions in our product 


solution (1), G (t) in this case, and a boundary value problem that we can solve for the other 


function, p(x) in this case. 


Note as well that the boundary value problem is in fact an eigenvalue/eigenfunction problem. 
When we solve the boundary value problem we will be identifying the eigenvalues, 7, that will 
generate non-trivial solutions to their corresponding eigenfunctions. Again, we’ll look into this 
more in the next section. At this point all we want to do is identify the two ordinary differential 
equations that we need to solve to get a solution. 


Before we do a couple of other examples we should take a second to address the fact that we 
made two very arbitrary seeming decisions in the above work. We divided both sides of the 
equation by & at one point and chose to use —/ instead of A as the separation constant. 


Both of these decisions were made to simplify the solution to the boundary value problem we got 
from our work. The addition of the & in the boundary value problem would just have complicated 
the solution process with another letter we’d have to keep track of so we moved it into the time 
problem where it won’t cause as many problems in the solution process. Likewise, we chose —/ 
because we’ve already solved that particular boundary value problem (albeit with a specific L, but 
the work will be nearly identical) when we first looked at finding eigenvalues and eigenfunctions. 
This by the way was the reason we rewrote the boundary value problem to make it a little clearer 
that we have in fact solved this one already. 


We can now at least partially answer the question of how do we know to make these decisions. 
We wait until we get the ordinary differential equations and then look at them and decide of 
moving things like the & or which separation constant to use based on how it will affect the 
solution of the ordinary differential equations. There is also, of course, a fair amount of 
experience that comes into play at this stage. The more experience you have in solving these the 
easier it often is to make these decisions. 


Again, we need to make clear here that we’re not going to go any farther in this section than 
getting things down to the two ordinary differential equations. Of course we will need to solve 
them in order to get a solution to the partial differential equation but that is the topic of the 
remaining sections in this chapter. All we’ll say about it here is that we will need to first solve 
the boundary value problem, which will tell us what 2 must be and then we can solve the other 
differential equation. Once that is done we can then turn our attention to the initial condition. 
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Okay, we need to work a couple of other examples and these will go a lot quicker because we 
won’t need to put in all the explanations. After the first example this process always seems like a 
very long process but it really isn’t. It just looked that way because of all the explanation that we 
had to put into it. 


So, let’s start off with a couple of more examples with the heat equation using different boundary 
conditions. 


Example 2 Use Separation of Variables on the following partial differential equation. 


Ou _ Ou 

at Ox 

ieOsre “Aone: -2a a0 
Ox Ox 


Solution 
In this case we’re looking at the heat equation with no sources and perfectly insulated boundaries. 


So, we’ll start off by again assuming that our product solution will have the form, 


u (a0) = p(x)G(t) 
and because the differential equation itself hasn’t changed here we will get the same result from 
plugging this in as we did in the previous example so the two ordinary differential equations that 
we’ ll need to solve are, 
2 
EO 556 Ay 
dt dx 


Now, the point of this example was really to deal with the boundary conditions so let’s plug the 
product solution into them to get, 


a(G(Ye(x)) 


a (0,1) = a (L,t)=0 
G(1)P(0)=0 G()P(L)=0 


Now, just as with the first example if we want to avoid the trivial solution and so we can’t have 
G(t) = (0) for every ¢t and so we must have, 


OP y= Lapa 
dx dx 
Here is a summary of what we get by applying separation of variables to this problem. 
2 
UG 556 ay Fe 
dt dx 
dp dp 
—(0)= —(L)=0 
a ae) 


Next, let’s see what we get if use periodic boundary conditions with the heat equation. 
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Example 3 Use Separation of Variables on the following partial differential equation. 


du _ 4, Ou 
Cx’ 
u(x,0)=f(z) -u(-L,t)=u(1,2) a L.t)= (Lt) 


Solution 
First note that these boundary conditions really are homogeneous boundary conditions. If we 
rewrite them as, 
Ou Ou 
u(—L,t)—u(L,t)=0 —(-L,t)-—(L,t)=0 
(-L.t)-u(L.t H (—1,1)-M (1,1) 


it’s a little easier to see. 


Now, again we’ve done this partial differential equation so we’ll start off with, 
u(x.t)=9(x)G(*) 
and the two ordinary differential equations that we’ll need to solve are, 
dG d° 
a = -kAG P- 
dt dx 


Plugging the product solution into the rewritten boundary conditions gives, 


G(t)e(-L)-G(t)e(L)=G(1)Le(-L)-e(Z)]=0 


o()2(-1)-G()2(z)=G(0| 2(-2)-22(u)|-0 


dx dx 
and we can see that we'll only get non-trivial solution if, 
(-L)-e(L)=0 P(-t)-L(L)=0 
dx dx 
dp dp 
—L)=9(L —(-L)=—(L 
o(-L)=0(4) #8 (1) = (2) 

So, here is what we get by applying separation of variables to this problem. 

dG dp 

—=-kAG 7 tAp=0 

dt dx 

dp dp 
o(-L)=9(L) aay eh) 


dx dx 


Let’s now take a look at what we get by applying separation of variables to the wave equation 
with fixed boundaries. 
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Example 4 Use Separation of Variables on the following partial differential equation. 
Ou Ou 


a Ox? 
u(x0)=f(x) — A(x,0)=8(x) 
u(0,t)=0 u(L,t)=0 


Solution 

Now, as with the heat equation the two initial conditions are here only because they need to be 
here for the problem. We will not actually be doing anything with them here and as mentioned 
previously the product solution will rarely satisfy them. We will be dealing with those in a later 
section when we actually go past this first step. Again, the point of this example is only to get 
down to the two ordinary differential equations that separation of variables gives. 


So, let’s get going on that and plug the product solution, u (% t) = p(x) h(t) (we switched the G 


to an / here to avoid confusion with the g in the second initial condition) into the wave equation 
to get, 


ae (P(x) A(t) = © <s(9(x)A(4) 
(xo hae n(n) £2 
1 dh 1d 


Note that we moved the c’ to the right side for the same reason we moved the k in the heat 
equation. It will make solving the boundary value problem a little easier. 


Now that we’ve gotten the equation separated into a function of only ¢ on the left and a function 
of only x on the right we can introduce a separation constant and again we’ll use —/1 so we can 
arrive at a boundary value problem that we are familiar with. So, after introducing the separation 
constant we get, 


1 dh ldo _ 
Chdt dx 
The two ordinary differential equations we get are then, 
d° do 
——==-4ch =—-A 
dt de 


The boundary conditions in this example are identical to those from the first example and so 
plugging the product solution into the boundary conditions gives, 


g(0)=0 p(L)=0 


Applying separation of variables to this problem gives, 
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ote -Acth EDs 


Next, let’s take a look at the 2-D Laplace’s Equation. 


Example 5 Use Separation of Variables on the following partial differential equation. 


Ou Ou 
u(O,y)=g(y) u(L,y)=0 
u(x,0)=0 u(x,H)=0 


Solution 

This problem is a little (well actually quite a bit in some ways) different from the heat and wave 
equations. First, we no longer really have a time variable in the equation but instead we usually 
consider both variables to be spatial variables and we’ll be assuming that the two variables are in 
the ranges shown above in the problems statement. Note that this also means that we no longer 
have initial conditions, but instead we now have two sets of boundary conditions, one for x and 
one for y. 


Also, we should point out that we have three of the boundary conditions homogeneous and one 
nonhomogeneous for a reason. When we get around to actually solving this Laplace’s Equation 
we’ ll see that this is in fact required in order for us to find a solution. 


For this problem we’ll use the product solution, 


u(xy)=h(x)e(y) 


It will often be convenient to have the boundary conditions in hand that this product solution 
gives before we take care of the differential equation. In this case we have three homogeneous 
boundary conditions and so we’ll need to convert all of them. Because we’ve already converted 
these kind of boundary conditions we’ll leave it to you to verify that these will become, 


h(L)=0 y(0)=0 o(H)=0 
Plugging this into the differential equation and separating gives, 
a om 
paul e))# = ait) a(n) =9 
d*h d 
o(y) a th(x) A =O 
ld’h 1d 
h dx° gp dy 


Okay, now we need to decide upon a separation constant. Note that every time we’ ve chosen the 
separation constant we did so to make sure that the differential equation 
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do 

dy 
would show up. Of course, the letters might need to be different depending on how we defined 
our product solution (as they’1l need to be here). We know how to solve this 
eigenvalue/eigenfunction problem as we pointed out in the discussion after the first example. 
However, in order to solve it we need two boundary conditions. 


+19 =0 


So, for our problem here we can see that we’ve got two boundary conditions for ( y) but only 
one for h (x) and so we can see that the boundary value problem that we’ll have to solve will 


involve ?( y) and so we need to pick a separation constant that will give use the boundary value 


problem we’ ve already solved. In this case that means that we need to choose / for the 
separation constant. If you’re not sure you believe that yet hold on for a second and you’!! soon 
see that it was in fact the correct choice here. 


Putting the separation constant gives, 


ldh_ 1 ap _, 
h dx g dy 
The two ordinary differential equations we get from Laplace’s Equation are then, 
d*h dp 
— =Ah -—; =19 
dx dy 
and notice that if we rewrite these a little we get, 
d*h d? 
o*—Ah=0 P+Ap=0 
dx dy 


We can now see that the second one does now look like one we’ve already solved (with a small 
change in letters of course, but that really doesn’t change things). 


So, let’s summarize up here. 


d*h dp 

—--Ah=0 Ag =0 

dx? dy* ee 

h(L)=0 v(0)=0 9H) =0 


So, we’ve finally seen an example where the constant of separation didn’t have a minus sign and 
again note that we chose it so that the boundary value problem we need to solve will match one 
we’ ve already seen how to solve so there won’t be much work to there. 


All the examples worked in this section to this point are all problems that we’ ll continue in later 
sections to get full solutions for. Let’s work one more however to illustrate a couple of other 
ideas. We will not however be doing any work with this in later sections however, it is only here 
to illustrate a couple of points. 
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Example 6 Use Separation of Variables on the following partial differential equation. 


Gages 

Ot Ox 

u(x,0)=f(2) —-u(0,4)=0 -S(L,t)=u(Lt) 
IX 


Solution 

Note that this is a heat equation with the source term of Os t) =—cpu and is both linear and 
homogenous. Also note that for the first time we’ve mixed boundary condition types. At x =0 
we’ ve got a prescribed temperature and at x = L we’ve got a Newton’s law of cooling type 
boundary condition. We should not come away from the first few examples with the idea that the 


boundary conditions at both boundaries always the same type. Having them the same type just 
makes the boundary value problem a little easier to solve in many cases. 


So we’ll start off with, 
u(x,t) = p(x)G(t) 
and plugging this into the partial differential equation gives, 
0 a 
£(0(x)G(1)) =k G(o(x)G(9)-e(a)G(0) 


t 
o(x)S =26() 2 -9(x)G(1) 


Now, the next step is to divide by p(x) G (¢) and notice that upon doing that the second term on 


the right will become a one and so can go on either side. Theoretically there is no reason that the 
one can’t be on either side, however from a practical standpoint we again want to keep things a 
simple as possible so we’ll move it to the ¢ side as this will guarantee that we'll get a differential 
equation for the boundary value problem that we’ve seen before. 


So, separating and introducing a separation constant gives, 


2 
(aS +1)-2 <8 - a 
k\G dt gp dx 


The two ordinary differential equations that we get are then (with some rewriting), 
dG dp 
— =-(Ak+1)G =-A 
7a a a 


Now let’s deal with the boundary conditions. 
G(t)g(0)=0 
dp dp 
G(t)—(L)+G L)=G(t)}| —(L L)|=0 
()2(1)+ GJ o(L)=G(0| Lz) +0(0)] 


and we can see that we'll only get non-trivial solution if, 


y(0)=0 P(1)+9(L)=0 
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So, here is what we get by applying separation of variables to this problem. 


dG dy 
—=-(Ak+1)G Ag =0 
t ( 7) ra : 
dp 
0)=0 —(L L)=0 
(0) a )+e( ) 


On a quick side note we solved the boundary value problem in this example in Example 5 of the 
Eigenvalues and Eigenfunctions section and that example illustrates why separation of variables 
is not always so easy to use. As we’ll see in the next section to get a solution that will satisfy any 
sufficiently nice initial condition we really need to get our hands on all the eigenvalues for the 
boundary value problem. However, as the solution to this boundary value problem shows this is 
not always possible to do. There are ways (which we won’t be going into here) to use the 
information here to at least get approximations to the solution but we won’t ever be able to get a 
complete solution to this problem. 


Okay, that’s it for this section. It is important to remember at this point that what we’ve done 
here is really only the first step in the separation of variables method for solving partial 
differential equations. In the upcoming sections we’ll be looking at what we need to do to finish 
out the solution process and in those sections we’ I finish the solution to the partial differential 
equations we started in Example | — Example 5 above. 


Also, in the Laplace’s Equation section the last two examples show pretty much the whole 
separation of variable process from defining the product solution to getting an actual solution. 
The only step that’s missing from those two examples is the solving of a boundary value problem 
that will have been already solved at that point and so was not put into the solution given that 
they tend to be fairly lengthy to solve. 


We’ll also see a worked example (without the boundary value problem work again) in the 
Vibrating String section. 
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Solving the Heat Equation 


Okay, it is finally time to completely solve a partial differential equation. In the previous section 
we applied separation of variables to several partial differential equations and reduced the 
problem down to needing to solve two ordinary differential equations. In this section we will 
now solve those ordinary differential equations and use the results to get a solution to the partial 
differential equation. We will be concentrating on the heat equation in this section and will do 
the wave equation and Laplace’s equation in later sections. 


The first problem that we’re going to look at will be the temperature distribution in a bar with 
zero temperature boundaries. We are going to do the work in a couple of steps so we can take our 
time and see how everything works. 


The first thing that we need to do is find a solution that will satisfy the partial differential 
equation and the boundary conditions. At this point we will not worry about the initial condition. 
The solution we’ll get first will not satisfy the vast majority of initial conditions but as we’ll see it 
can be used to find a solution that will satisfy a sufficiently nice initial condition. 


Example 1 Find a solution to the following partial differential equation that will also satisfy the 
boundary conditions. 

O om 

ale | ae 

Ot Ox 

u(x,0)= f(x) u(0,t)=0 u(L,t)=0 
Solution 


Okay the first thing we technically need to do here is apply separation of variables. Even though 
we did that in the previous section let’s recap here what we did. 


First, we assume that the solution will take the form, 
u(x,t)=9(x)G(t) 
and we plug this into the partial differential equation and boundary conditions. We separate the 


equation to get a function of only ¢ on one side and a function of only x on the other side and then 
introduce a separation constant. This leaves us with two ordinary differential equations. 


We did all of this in Example | of the previous section and the two ordinary differential equations 
are, 
2 
aC 99 ae 
dt dx 


+Ap=0 


The time dependent equation can really be solved at any time, but since we don’t know what / is 
yet let’s hold off on that one. Also note that in many problems only the boundary value problem 
can be solved at this point so don’t always expect to be able to solve either one at this point. 


The spatial equation is a boundary value problem and we know from our work in the previous 
chapter that it will only have non-trivial solutions (which we want) for certain values of 2, which 
we'll recall are called eigenvalues. Once we have those we can determine the non-trivial 
solutions for each /, i.e. eigenfunctions. 
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Now, we actually solved the spatial problem, 
2 


dp 
dx? 
e(0)=0 = g(L)=0 

in Example | of the Eigenvalues and Eigenfunctions section of the previous chapter for L = 277. 

So, because we’ve solved this once for a specific L and the work is not all that much different for 

a general L we’re not going to be putting in a lot of explanation here and if you need a reminder 

on how something works or why we did something go back to Example | from the Eigenvalues 

and Eigenfunctions section for a reminder. 


+Ap=0 


We’ve got three cases to deal with so let’s get going. 


A> 


In this case we know the solution to the differential equation is, 


p(x)=c, cos(VAx) +e, sin(V/2 x) 


oO 


Applying the first boundary condition gives, 
0=—(0)=c, 


Now applying the second boundary condition, and using the above result of course, gives, 


0=9(L)=c, sin(LV2) 


Now, we are after non-trivial solutions and so this means we must have, 


sin(LV2)=0 > LVA =n0 n=1,2,3,... 


The positive eigenvalues and their corresponding eigenfunctions of this boundary value problem 
are then, 
2 
. (nax 
A= (=| 2, (x)= sin{ 


Note that we don’t need the c, in the eigenfunction as it will just get absorbed into another 


) A= 1,253,004 


constant that we'll be picking up later on. 


A=0 
The solution to the differential equation in this case is, 
Q (x) =C, Pesx 


Applying the boundary conditions gives, 

0=9(0)=c, 0=9(L)=c,L = ¢=0 
So, in this case the only solution is the trivial solution and so 2 = 0 is not an eigenvalue for this 
boundary value problem. 
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A<0 


Here the solution to the differential equation is, 


p(x)=c¢, cosh(J=2 x)-+e, sinh (J-2 x) 


Applying the first boundary condition gives, 
0=9(0)=c, 
and applying the second gives, 


0=¢(L)=c, sinh(LV-2) 
So, we are assuming 2 <0 andso LV—/A #0 and this means sinh (LV-2) #0. We 
therefore we must have c, = 0 and so we can only get the trivial solution in this case. 


Therefore, there will be no negative eigenvalues for this boundary value problem. 


The complete list of eigenvalues and eigenfunctions for this problem are then, 


2, 
4,-(%) 9, (+) =sin( 2) n=1,2,3,... 


L 
Now let’s solve the time differential equation, 
dG 
—=-kiG 
dt 


and note that even though we now know / we’re not going to plug it in quite yet to keep the 
mess to a minimum. We will however now use 1, to remind us that we actually have an infinite 


number of possible values here. 


This is a simple linear (and separable for that matter) 1“ order differential equation and so we’ll 
let you verify that the solution is, 


G(t)= ce = Pee 


Okay, now that we’ve gotten both of the ordinary differential equations solved we can finally 
write down a solution. Note however that we have in fact found infinitely many solutions since 
there are infinitely many solutions (i.e. eigenfunctions) to the spatial problem. 


Our product solution are then, 
i 2 i 
us (st) =B, sin( "2 (7) n=1,2,3,... 


We’ve denoted the product solution u,, to acknowledge that each value of n will yield a different 


solution. Also note that we’ve changed the c in the solution to the time problem to B, to denote 


the fact that it will probably be different for each value of as well and because had we kept the 
c, with the eigenfunction we’d have absorbed it into the c to get a single constant in our solution. 
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So, there we have it. The function above will satisfy the heat equation and the boundary 
condition of zero temperature on the ends of the bar. 


The problem with this solution is that it simply will not satisfy almost every possible initial 
condition we could possibly want to use. That does not mean however, that there aren’t at least a 
few that it will satisfy as the next example illustrates. 


Example 2 Solve the following heat problem for the given initial conditions. 
ou, Ou 
at ax 
u(x,0)= f(x) u(0,t)=0 u(L,t)=0 


~ sin( 2 
(a) F(x) =6sin| ; 
(b) f(x) =12sin( 72 rsin( $2 


Solution 
(a) This is actually easier than it looks like. All we need to do is choose n = 1 and B, = 6 in the 


product solution above to get, 
—k ae - 
u(x,t) = 6sin{ =e G) 


and we’ ve got the solution we need. This is a product solution for the first example and so 
satisfies the partial differential equation and boundary conditions and will satisfy the initial 
condition since plugging in t = 0 will drop out the exponential. 


(b) This is almost as simple as the first part. Recall from the Principle of Superposition that if we 
have two solutions to a linear homogeneous differential equation (which we’ve got here) then 


their sum is also a solution. So, all we need to do is choose n and B, as we did in the first part to 


get a solution that satisfies each part of the initial condition and then add them up. Doing this 
gives, 
ony 4nV 
it gales (4 =k | 
u(t) = 12sin| 22 )e 7) -Tsin{ “Ze 7) 


We’ll leave it to you to verify that this does in fact satisfy the initial condition and the boundary 
conditions. 


So, we’ve seen that our solution from the first example will satisfy at least a small number of 
highly specific initial conditions. 


Now, let’s extend the idea out that we used in the second part of the previous example a little to 
see how we can get a solution that will satisfy any sufficiently nice initial condition. The 
Principle of Superposition is, of course, not restricted to only two solutions. For instance, the 
following is also a solution to the partial differential equation. 
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u(x,t) = 3 B, sin (=| a 
n=l 


and notice that this solution will not only satisfy the boundary conditions but it will also satisfy 


the initial condition, 
M 
u (a 0) = > B, sin (=) 


n=l 


Let’s extend this out even further and take the limit as M — oo. Doing this our solution now 
becomes, 


u(x,t)= vB, sin[ “= hace 


n=l 


This solution will satisfy any initial condition that can be written in the form, 


u(x,0)=f (x)= 8, sn( 


n=l 


This may still seem to be very restrictive, but the series on the right should look awful familiar to 
you after the previous chapter. The series on the left is exactly the Fourier sine series we looked 
at in that chapter. Also recall that when we can write down the Fourier sine series for any 
piecewise smooth function on 0<x<L. 


So, provided our initial condition is piecewise smooth after applying the initial condition to our 
solution we can determine the B, as if we were finding the Fourier sine series of initial 
condition. So we can either proceed as we did in that section and use the orthogonality of the 


sines to derive them or we can acknowledge that we’ve already done that work and know that 
coefficients are given by, 


L 
B= F(s)sin( "a n=1,2,3,... 
EJ i 


So, we finally can completely solve a partial differential equation. 


Example 3 Solve the following BVP. 


2 
ae ls 
Ot Ox 
u(x,0)=20 u(0,t)=0 u(L,t)=0 


Solution 
There isn’t really all that much to do here as we’ve done most of it in the examples and 
discussion above. 


First, the solution is, 


7 


u(x,t) = > B, sin( "*) a 


n=l 
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The coefficients are given by, 


B =2 | a0sio("2* a= 2 [2eecten)) 40(1-(-1)') 


r L nw nit 


If we plug these in we get the solution, 


That almost seems anti-climactic. This was a very short problem. Of course some of that came 
about because we had a really simple constant initial condition and so the integral was very 
simple. However, don’t forget all the work that we had to put into discussing Fourier sine series, 
solving boundary value problems, applying separation of variables and then putting all of that 
together to reach this point. 


While the example itself was very simple, it was only simple because of all the work that we had 
to put into developing the ideas that even allowed us to do this. Because of how “simple” it will 
often be to actually get these solutions we’re not actually going to do anymore with specific 
initial conditions. We will instead concentrate on simply developing the formulas that we’d be 
required to evaluate in order to get an actual solution. 


So, having said that let’s move onto the next example. In this case we’re going to again look at 

the temperature distribution in a bar with perfectly insulated boundaries. We are also no longer 

going to go in steps. We will do the full solution as a single example and end up with a solution 
that will satisfy any piecewise smooth initial condition. 


Example 4 Find a solution to the following partial differential equation. 


du _, Ou 

Ot Ox? 

u(x0)=f(z) “2 or)=0 “(z,2)=0 
Ox Ox 


Solution 
We applied separation of variables to this problem in Example 2 of the previous section. So, after 
assuming that our solution is in the form, 


u(x,t)=(x)G(Z) 
and applying separation of variables we get the following two ordinary differential equations that 
we need to solve. 


2 

OS 2G dE Fe 

dt dx 
dp dp 
““(0)=0 “*(z)=0 
aw ze) 


We solved the boundary value problem in Example 2 of the Eigenvalues and Eigenfunctions 
section of the previous chapter for L = 27 so as with the first example in this section we’re not 
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going to put a lot of explanation into the work here. If you need a reminder on how this works go 
back to the previous chapter and review the example we worked there. Let’s get going on the 
three cases we’ve got to work for this problem. 


A>O 


The solution to the differential equation is, 


p(x)=¢, cos(VAx) +e, sin(V2 x) 


Applying the first boundary condition gives, 
d 
0=—"(0)=vie, = c, =0 
IX 


The second boundary condition gives, 


0 - 21) = JA ¢, sin(LV2) 


Recall that 2 > 0 and so we will only get non-trivial solutions if we require that, 


sin(LV2)=0 = LV. =n n=1,2,3,... 
The positive eigenvalues and their corresponding eigenfunctions of this boundary value problem 
are then, 
1,=(%) 9, (1) =0s{ “= ) n=1,2,3.... 
A=0 


The general solution is, 
Q (x) =C,+0,x 


Applying the first boundary condition gives, 

dp 

0=—(0)=c 

dx ( ) e 

Using this the general solution is then, 
QP @ ) = 

and note that this will trivially satisfy the second boundary condition. Therefore 2 =0 is an 
eigenvalue for this BVP and the eigenfunctions corresponding to this eigenvalue is, 


p(x)=1 


A< 


The general solution here is, 


p(x)=c, cosh(J=2 x)-+e, sinh(/-2 x) 


So 
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Applying the first boundary condition gives, 
d 
0=(0)= VA, > ¢=0 
x 


The second boundary condition gives, 


0= (1)- V-A ¢, sinh(LV-2 ) 


We know that L/—/ #0 and so sinh (Ly =A) #0. Therefore, we must have c, = 0 and so, 
this boundary value problem will have no negative eigenvalues. 


So, the complete list of eigenvalues and eigenfunctions for this problem is then, 


2: 
nt NIX 
A, =| — x) =cos| —— n=1,2,3,... 
eS #, (x) [ L 


A, =0 9, (x)=1 
and notice that we get the 2, = 0 eigenvalue and its eigenfunction if we allow n =0 in the first 


set and so we’ll use the following as our set of eigenvalues and eigenfunctions. 
2 
nt NIX 
A. =| — x) =cos| —— n=0,1,2,3,... 
(2) 0.6) =00s{ 2] 


The time problem here is identical to the first problem we looked at so, 


Our product solutions will then be, 
=e AS t 
ts (140) =4,005| (c) n=0,1,2,3,... 


and the solution to this partial differential equation is, 


=A, cs( ")e (zy! 


n=0 


If we apply the initial condition to this we get, 


s0)= eS Aon 22) 


n=0 


and we can see that this is nothing more than the Fourier cosine series for f (x) on 0<x<L 


and so again we could use the orthogonality of the cosines to derive the coefficients or we could 
recall that we’ve already done that in the previous chapter and know that the coefficients are 
given by, 
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= fe f(x) n=0 


aN F(s)oos{ "Ja n#0 


The last example that we’re going to work in this section is a little different from the first two. 
We are going to consider the temperature distribution in a thin circular ring. We will consider the 
lateral surfaces to be perfectly insulated and we are also going to assume that the ring is thin 
enough so that the temperature does not vary with distance from the center of the ring. 


So, what does that leave us with? Let’s set x =0 as shown below and then let x be the arc length 
of the ring as measured from this point. 


x=-L\x=i 


x=0 


We will measure x as positive if we move to the right and negative if we move to the left of 
x=0. This means that at the top of the ring we’ll meet where x = L (if we move to the right) 
and x =—L (if we move to the left). By doing this we can consider this ring to be a bar of length 
2L and the heat equation that we developed earlier in this chapter will still hold. 


At the point of the ring we consider the two “ends” to be in perfect thermal contact. This means 
that at the two ends both the temperature and the heat flux must be equal. In other words we must 
have, 
Ou Ou 
u(—-L,t)=u(L,t —(-L,t)=—(L,t 
(-L,t)=u (Lt (1,1) = (1,1) 


If you recall from the section in which we derived the heat equation we called these periodic 
boundary conditions. So, the problem we need to solve to get the temperature distribution in this 
case is, 


Example 5 Find a solution to the following partial differential equation. 


oe 
Ot Ox 
ose: wenn S11) =S(L01) 


Solution 
We applied separation of variables to this problem in Example 3 of the previous section. So, if 
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we assume the solution is in the form, 
u (x,t) = p(x)G(t) 


we get the following two ordinary differential equations that we need to solve. 


2 
AC 7 a ee 
dt dx 
dp dp 
p(-L)=9(L) Sb) 


dx dx 


As we’ve seen with the previous two problems we’ve already solved a boundary value problem 
like this one back in the Eigenvalues and Eigenfunctions section of the previous chapter, Example 
3 to be exact with L =z. So, if you need a little more explanation of what’s going on here go 
back to this example and you can see a little more explanation. 


We again have three cases to deal with here. 


A> 


The general solution to the differential equation is, 


p(x)=c¢, cos(VAx) +e, sin(V2 x) 


oO 


Applying the first boundary condition and recalling that cosine is an even function and sine is an 
odd function gives us, 


G cos(-LV2) +G; sin(-L2) =¢, cos(L/2) +:C, sin(LV2) 
“6; sin(LV2) =C, sin(L2) 
0 = 2c, sin(LV2) 


At this stage we can’t really say anything as either c, or sine could be zero. So, let’s apply the 
second boundary condition and see what we get. 


7 A ¢,sin(-LV2)+ Ac, cos(-LV2)=-V2 ¢sin(LVA)+ Ac, cos(LVA) 
Vi ¢,sin(L A)=-Vi¢,sin(LVA) 
2/7 ¢, sin(LV2) 


0 


We get something similar. However, notice that if sin (La # () then we would be forced to 


have c, =c, =0 and this would give us the trivial solution which we don’t want. 


This means therefore that we must have sin (Va = 0 which in turn means (from work in our 


previous examples) that the positive eigenvalues for this problem are, 
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2 
,-(=| n=1,2,3,... 


Now, there is no reason to believe that c, = 0 or c, =0. All we know is that they both can’t be 


zero and so that means that we in fact have two sets of eigenfunctions for this problem 
corresponding to positive eigenvalues. They are, 


9, (3) =00s{ “*) o,(s) =sin{ “2*) n=1,2,3.... 


A=0 


The general solution in this case is, 


p(x)=c,+e,x 


Applying the first boundary condition gives, 
Cares (-L) =, +6, (L) 
2Lc, =0 = c, =0 


The general solution is then, 

QP (x ) =C 
and this will trivially satisfy the second boundary condition. Therefore 2 = 0 is an eigenvalue 
for this BVP and the eigenfunctions corresponding to this eigenvalue is, 


p(x)=1 


A<0 


For this final case the general solution here is, 


p(x)=c, cosh(J=2 x)-+e, sinh (J-2 x) 


Applying the first boundary condition and using the fact that hyperbolic cosine is even and 
hyperbolic sine is odd gives, 


c, cosh (-LV-2) +c, sinh (-LV-2) =c, cosh (1-2) +c, sinh (LV-2) 
by sinh(-LV-2) =, sinh(LV-2) 
2c, sinh(LV-2)=0 


Now, in this case we are assuming that 7 <0 andso LV—/A #0. This turn tells us that 
sinh (LV-2) #0. We therefore must have c, =0. 


Let’s now apply the second boundary condition to get, 
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V-Ae, sinh (-LV-A) = V-2 ¢, sinh(LV-1) 

2./-/ ¢, sinh(LV-2) =0 = c,=0 
By our assumption on A we again have no choice here but to have c, = 0 and so for this 
boundary value problem there are no negative eigenvalues. 
Summarizing up then we have the following sets of eigenvalues and eigenfunctions and note that 


we’ve merged the 2 =0 case into the cosine case since it can be here to simplify things up a 
little. 


2 
nit NIX 
A, =| — x) =cos| —— n=0,1,2,3,... 
(2) 04(2)=c0s{“*) 
2 
nit NIX 
A, =| — x) =sin| —— n=1,2,3,... 
(2) o.()=sin( 24) 


The time problem is again identical to the two we’ve already worked here and so we have, 
-k Te t 
G(t)=ce ( : 


Now, this example is a little different from the previous two heat problems that we’ve looked at. 
In this case we actually have two different possible product solutions that will satisfy the partial 
differential equation and the boundary conditions. They are, 


u, (x,t) = A, cos{ aS) n=0,1,2,3,... 
u, (x,t) = B, sin( =) Ae n=1,2,3,... 


The Principle of Superposition is still valid however and so a sum of any of these will also be a 
solution and so the solution to this partial differential equation is, 


HS 4cos( "Je (Rs si “)e (Ey 


n=! 


If we apply the initial condition to this we get, 


u(x,0)= )=¥4, cos = =)+D8, sin( *) 


n=0 
and just as we saw in the previous two examples we get a Fourier series. The difference this time 
is that we get the full Fourier series for a piecewise smooth initial conditionon -L<x<ZL. As 
noted for the previous two examples we could either rederive formulas for the coefficients using 
the orthogonality of the sines and cosines or we can recall the work we’ve already done. There’s 
really no reason at this point to redo work already done so the coefficients are given by, 
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ff (x)cos(42) dx n=1,2,3.... 


ff (x)sin (*22) ae n=1,2,3,... 


Note that this is the reason for setting up x as we did at the start of this problem. A full Fourier 
series needs an interval of —L < x < L whereas the Fourier sine and cosines series we saw in the 


first two problems need O< x<L. 


Okay, we’ve now seen three heat equation problems solved and so we’ll leave this section. You 
might want to go through and do the two cases where we have a zero temperature on one 
boundary and a perfectly insulated boundary on the other to see if you’ ve got this process down. 
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Heat Equation with Non-Zero Temperature Boundaries 


In this section we want to expand one of the cases from the previous section a little bit. In the 
previous section we look at the following heat problem. 


O on 

cia — 

Ot Ox 

u(x,0)= f(x) u(0,t)=0 u(L,t)=0 
Now, there is nothing inherently wrong with this problem, but the fact that we’re fixing the 
temperature on both ends at zero is a little unrealistic. The other two problems we looked at, 


insulated boundaries and the thin ring, are a little more realistic problems, but this one just isn’t 
all that realistic so we'd like to extend it a little. 


What we’d like to do in this section is instead look at the following problem. 


ou _ du 
at a” (14) 
u(x,0)= f(x) u(0,t)=T7, u(L,t)=T, 


In this case we’ll allow the boundaries to be any fixed temperature, 7, or 7,. The problem here 


is that separation of variables will no longer work on this problem because the boundary 
conditions are no longer homogeneous. Recall that separation of variables will only work if both 
the partial differential equation and the boundary conditions are linear and homogeneous. So, 
we’re going to need to deal with the boundary conditions in some way before we actually try and 
solve this. 


Luckily for us there is an easy way to deal with them. Let’s consider this problem a little bit. 
There are no sources to add/subtract heat energy anywhere in the bar. Also our boundary 
conditions are fixed temperatures and so can’t change with time and we aren’t prescribing a heat 
flux on the boundaries to continually add/subtract heat energy. So, what this all means is that 
there will not ever be any forcing of heat energy into or out of the bar and so while some heat 
energy may well naturally flow into our out of the bar at the end points as the temperature 
changes eventually the temperature distribution in the bar should stabilize out and no longer 
depend on time. 


Or, in other words it makes some sense that we should expect that as t + oo our temperature 
distribution, u (x, t) should behave as, 


limu (x,t) =uz, (x) 
where u,, (x) is called the equilibrium temperature. Note as well that is should still satisfy the 
heat equation and boundary conditions. It won’t satisfy the initial condition however because it is 
the temperature distribution as t oo whereas the initial condition is at t=0. So, the 
equilibrium temperature distribution should satisfy, 


dite 
dx? 


0= u,(0)=T7, ig \=t, (15) 
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This is a really easy 2™ order ordinary differential equation to solve. If we integrate twice we get, 
us (x) =C,X+C, 
and applying the boundary conditions (we’ll leave this to you to verify) gives us, 


u,(x)=T 42x 


Okay, just what does this have to do with solving the problem given by (1) above? We’ll let’s 
define the function, 


v(x,t)=u(x,t)-u, (x) (16) 


where u (352) is the solution to (1) and u, (x) is the equilibrium temperature for (1). 


Now let’s rewrite this as, 
u(x,t) = v(x,t)+u, (x) 
and let’s take some derivatives. 
Ou _ Ov | Ous _ Ov Ou _ Ov, Oug _ ey 


at at at Oat ar? ae ae Ax? 


In both of these derivatives we used the fact that uw, (x) is the equilibrium temperature and so is 


independent of time ¢ and must satisfy the differential equation in (2). 


What this tells us is that both u (3% t) and v (x, t) must satisfy the same partial differential 


equation. Let’s see what the initial conditions and boundary conditions would need to be for 
v(x,t). 

v(x,0) =u(x,0)-u, (x) = f (x)-u, (x) 

v(0,¢) =u(0,t)—u,(0)=7, -T,=0 

v(L,t)=u(L,t)—-4, (L)=f, -T, =0 


So, the initial condition just gets potentially messier, but the boundary conditions are now 
homogeneous! The partial differential equation that v(x, t) must satisfy is, 


ov _ 2 
Ot Ox 
v(x,0)= f (x)-u, (x) v(0,¢) =0 v(Z,t)=0 


We saw how to solve this in the previous section and so we the solution is, 


v(x,t)= y B,sin (=) fais. 
n=l 


where the coefficients are given by, 


B= (F(+)-ue()sin[ 2 Jay oa Pee em 


0 
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The solution to (1) is then, 
u(x,t) =u, (x)+v(x,0) 
T,-T &,. (My 
-7,+ T5452, sin "Je 7) 


and the coefficients are given above. 
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Laplace’s Equation 

The next partial differential equation that we’re going to solve is the 2-D Laplace’s equation, 
Ou. O° 
Ox” Oy 


A natural question to ask before we start learning how to solve this is does this equation come up 
naturally anywhere? The answer is a very resounding yes! If we consider the 2-D heat equation, 


ee kVut g 
Ot cp 


We can see that Laplace’s equation would correspond to finding the equilibrium solution (i.e. 
time independent solution) if there were not sources. So, this is an equation that can arise from 
physical situations. 


How we solve Laplace’s equation will depend upon the geometry of the 2-D object we’re solving 
it on. Let’s start out by solving it on the rectangle given by OS x< L,0<S y<H. For this 


geometry Laplace’s equation along with the four boundary conditions will be, 


» Ou Ou_ 

ME ee ae 
u(0,y)=2,(y) u(L,y)=g,(y) (17) 
u(x,0)= f(x) u(x,H)= f, (x) 


0 


One of the important things to note here is that unlike the heat equation we will not have any 
initial conditions here. Both variables are spatial variables and each variable occurs in a 2"! order 
derivative and so we’ll need two boundary conditions for each variable. 


Next, let’s notice that while the partial differential equation is both linear and homogeneous the 
boundary conditions are only linear and are not homogeneous. This creates a problem because 
separation of variables requires homogeneous boundary conditions. 


To completely solve Laplace’s equation we’re in fact going to have to solve it four times. Each 
time we solve it only one of the four boundary conditions can be nonhomogeneous while the 


remaining three will be homogeneous. 


The four problems are probably best shown with a quick sketch so let’s consider the following 
sketch. 
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u,(x,H)=0 u,(x,H)=0 
uv, (0,¥)=0 
u,(Z,¥) = 8, (y) 


u, (0, ¥) =0 


u(L£,y)= 0 


1 (x,0) = A(x) 


us(%,#)= A(x) 


uy (0, y) = 2, (y) 


uz(L,y) =0 
u;(x,0)=0 u,(x,0)=0 


Now, once we solve all four of these problems the solution to our original system, (1), will be, 
u(x,y)=u,(x,y)+u, (x, y)+u; (x,y) +u, (x,y) 


Because we know that Laplace’s equation is linear and homogeneous and each of the pieces is a 
solution to Laplace’s equation then the sum will also be a solution. Also, this will satisfy each of 
the four original boundary conditions. We’ll verify the first one and leave the rest to you to 
verify. 


u(x,0) =u, (x,0)+u, (x,0)+u, (x,0)+u, (x,0) =f, (x)+0+0+0= f(x) 


In each of these cases the lone nonhomogeneous boundary condition will take the place of the 
initial condition in the heat equation problems that we solved a couple of sections ago. We will 
apply separation of variables to the each problem and find a product solution that will satisfy the 
differential equation and the three homogeneous boundary conditions. Using the Principle of 
Superposition we’ll find a solution to the problem and then apply the final boundary condition to 
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determine the value of the constant(s) that are left in the problem. The process is nearly identical 
in many ways to what we did when we were solving the heat equation. 


We’re going to do two of the cases here and we’ll leave the remaining two for you to do. 


Example 1 Find a solution to the following partial differential equation. 


2 2 
V2 OG 

Ox oy 
u(Oyv)=a(y) (Ly) =0 
us x,0)= u,(x,H)=0 


Solution 
We’ll start by assuming that our solution will be in the form, 


us(x,¥)=h(x)9(y) 


and then recall that we performed separation of variables on this problem (with a small change in 
notation) back in Example 5 of the Separation of Variables section. So from that problem we 
know that separation of variables yields the following two ordinary differential equations that 
we’ ll need to solve. 


dh dp 

—-Ah=0 Ag=0 

dx? dy mae 

h(L)=0 o(0)=0 9H) =0 


Note that in this case, unlike the heat equation we must solve the boundary value problem first. 
Without knowing what 7 is there is no way that we can solve the first differential equation here 
with only one boundary condition since the sign of 4 will affect the solution. 


Let’s also notice that we solved the boundary value problem in Example 1 of Solving the Heat 
Equation and so there is no reason to resolve it here. Taking a change of letters into account the 
eigenvalues and eigenfunctions for the boundary value problem here are, 


2 
2,-(=| o,(»)=sin( “22) n=1,2,3,... 


H 


Now that we know what the eigenvalues are let’s write down the first differential equation with 
A plugged in. 


2: 
(3) =O 
dx H 
h(L)=0 


Because the coefficient of h (x) in the differential equation above is positive we know that a 


h(x)=c, cosh{ "| +c, sinh [=| 
A A 


solution to this is, 


However, this is not really suited for dealing with the h (L) = (0 boundary condition. So, let’s 
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also notice that the following is also a solution. 


i@=< cosh 21) ae sin "*E=) 


H 


You should verify this by plugging this into the differential equation and checking that it is in fact 
a solution. Applying the lone boundary condition to this “shifted” solution gives, 


0=h(L)=c, 


The solution to the first differential equation is now, 
: na(x-L 
h (x) =c, sinh [G—) 
A 


and this is all the farther we can go with this because we only had a single boundary condition. 
That is not really a problem however because we now have enough information to form the 
product solution for this partial differential equation. 


A product solution for this partial differential equation is, 


tena 2 lle n=1,2,3,... 
n n H 


H 


The Principle of Superposition then tells us that a solution to the partial differential equation is, 


u(%r)=D8, sin Sin) 


n=l 


and this solution will satisfy the three homogeneous boundary conditions. 


To determine the constants all we need to do is apply the final boundary condition. 


u,(0,»)=8,(y)= >, sin PED in 22) 


Now, in the previous problems we’ve done this has clearly been a Fourier series of some kind and 
in fact it still is. The difference here is that the coefficients of the Fourier sine series are now, 


pe) 


instead of just B,. We might be a little more tempted to use the orthogonality of the sines to 


derive formulas for the B 


n? 


get formulas for the coefficients here. 


however we can still reuse the work that we’ve done previously to 


Remember that a Fourier sine series is just a series of coefficients (depending on 7) times a sine. 
We still have that here, except the “coefficients” are a little messier this time that what we saw 
when we first dealt with Fourier series. So, the coefficients can be found using exactly the same 
formula from the Fourier sine series section of a function on 0< y< H we just need to be 


careful with the coefficients. 
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= si 
B, sin ED) 2 as (y)sin( “2 Ja n=1,2,3,... 
2 


AH 
. (nay 
B_=————_, | 8 y)sin{ Jo n=1,2,3,... 
eco (9) Hl 


The formulas for the B, are a little messy this time in comparison to the other problems we’ve 


done but they aren’t really all that messy. 


Okay, let’s do one of the other problems here so we can make a couple of points. 


Example 2 Find a solution to the following partial differential equation. 
Ou, Ou, 


Vu; = ax by? =0 
u, (0, y)=0 u;(L,y)=0 
u;(x,0)=0 0, (2H )=75(2) 


Solution 
Okay, for the first time we’ve hit a problem where we haven’t previous done the separation of 
variables so let’s go through that. We’ll assume the solution is in the form, 


u(x, y)=h(x)e(y) 


We’ll apply this to the homogeneous boundary conditions first since we’ll need those once we get 
reach the point of choosing the separation constant. We’ll let you verify that the boundary 
conditions become, 


h(0)=0 h(L)=0 (0) =0 


Next, we’ll plug the product solution into the differential equation. 


S(H(s)00)) +S (0(3) 0) =0 


dh do 
9( \ 2 thls) ay =0 
ld’h 1d 
h dx° gp dy 


Now, at this point we need to choose a separation constant. We’ve got two homogeneous 
boundary conditions on / so let’s choose the constant so that the differential equation for h yields 
a familiar boundary value problem so we don’t need to redo any of that work. In this case, unlike 
the u, case, we'll need —/. 


This is a good problem in that is clearly illustrates that sometimes you need / as a separation 
constant and at other times you need —A. Not only that but sometimes all it takes is a small 
change in the boundary conditions it force the change. 
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So, after adding in the separation constant we get, 

1d*h Sa el 77) = 

ha? ody 
and two ordinary differential equations that we get from this case (along with their boundary 
conditions) are, 


ah dy 
——+Ah=0 —-Ap=0 
ie dy’ ? 
n(0)=0 h(L)=0 (0) =0 


Now, as we noted above when we were deciding which separation constant to work with we’ ve 
already solved the first boundary value problem. So, the eigenvalues and eigenfunctions for the 
first boundary value problem are, 


2 
A, -(¥) h(x)=sin{ 222 


The second differential equation is then, 


dp nm) 
ae CL a 


NALD, Djs 


Because the coefficient of the @ is positive we know that a solution to this is, 
p(¥)=c,cosh [“22) +c, sinh (22) 


In this case, unlike the previous example, we won’t need to use a shifted version of the solution 
because this will work just fine with the boundary condition we’ve got for this. So, applying the 
boundary condition to this gives, 


0=9(0)=c, 


and this solution becomes, 


The product solution for this case is then, 


u, (x,y) =B, sinh] “=~ |sin} “** n=1,2,3,... 
n n L L 


The solution to this partial differential equation is then, 
u; (x,y) = > 8, sinh “22 )sin( 2) 
n=l 


Finally, let’s apply the nonhomogeneous boundary condition to get the coefficients for this 
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solution. 


us (xH)= f(x)= 08, sinh| “27 sin{ 2) 


As we’ve come to expect this is again a Fourier sine (although it won’t always be a sine) series 
and so using previously done work instead of using the orthogonality of the sines to we see that, 


na H oe ea NX 
B, sinh[ al f3(x)sin “Jas n=1,2,3,... 
L Da) L 


2, 7 NIX 
Bo o=——— in| —— |d. S12 Ses 
‘ rama |, l)5m| ; kK oN 


Okay, we’ve worked two of the four cases that would need to be solved in order to completely 
solve (1). As we’ve seen each case was very similar and yet also had some differences. We saw 
the use of both separation constants and that sometimes we need to use a “shifted” solution in 
order to deal with one of the boundary conditions. 


Before moving on let’s note that we used prescribed temperature boundary conditions here, but 
we could just have easily used prescribed flux boundary conditions or a mix of the two. No 
matter what kind of boundary conditions we have they will work the same. 


As a final example in this section let’s take a look at solving Laplace’s equation on a disk of 
radius a and a prescribed temperature on the boundary. Because we are now on a disk it makes 
sense that we should probably do this problem in polar coordinates and so the first thing we need 
to so do is write down Laplace’s equation in terms of polar coordinates. 


Laplace’s equation in terms of polar coordinates is, 


v=! 2 a 1 Oru 


r Or e Or r’ 00° 


Okay, this is a lot more complicated than the Cartesian form of Laplace’s equation and it will add 
in a few complexities to the solution process, but it isn’t as bad as it looks. The main problem 
that we’ve got here really is that fact that we’ve got a single boundary condition. Namely, 


u(a,@) = f (9) 


This specifies the temperature on the boundary of the disk. We are clearly going to need three 
more conditions however since we’ve got a 2™ derivative in both r and @. 


When we solved Laplace’s equation on a rectangle we used conditions at the end points of the 
range of each variable and so it makes some sense here that we should probably need the same 
kind of conditions here as well. The range on our variables here are, 

O<r<a —H<SO<2 


Note that the limits on 9 are somewhat arbitrary here and are chosen for convenience here. Any 
set of limits that covers the complete disk will work, however as we’ll see with these limits we 
will get another familiar boundary value problem arising. The best choice here is often not 
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known until the separation of variables is done. At that point you can go back and make your 
choices. 


Okay, we now need conditions for r=0 and 0=+7.. First, note that Laplace’s equation in 
terms of polar coordinates is singular at r = 0 (i.e. we get division by zero). However, we know 
from physical considerations that the temperature must remain finite everywhere in the disk and 
so let’s impose the condition that, 


lu(0,0)| <2 


This may seem like an odd condition and it definitely doesn’t conform to the other boundary 
conditions that we’ve seen to this point, but it will work out for us as we’ll see. 


Now, for boundary conditions for 9 we’ll do something similar to what we did for the 1-D head 
equation on a thin ring. The two limits on @ are really just different sides of a line in the disk 
and so let’s use the periodic conditions there. In other words, 


u(r,—2)=u(r,2) OE pg\ = (oem) 


With all of this out of the way let’s solve Laplace’s equation on a disk of radius a. 


Example 3 Find a solution to the following partial differential equation. 
1 1..o 
Vu= =| ae Ou _9 


r Or . cor) r’ 00? 
| (0,)| <0 u(a,@) =f (@) 
Ou Ou 
u(r,-2)=u(r,z) apr ag) 


Solution 
In this case we'll assume that the solution will be in the form, 


u(r,@) = p(0)G(r) 


Plugging this into the periodic boundary conditions gives, 

kg ee 
ap) aa) 
IG(0)|< 0 


p(-7)=9(z) 


Now let’s plug the product solution into the partial differential equation. 
Loto 1 0 
1£f,-2(0(8)G(r))}+-5(0(0)G(r))=0 


1d (a), G1 ao 


a), mal © )+6(r)- io” 


This is definitely more of a mess that we’ve seen to this point when it comes to separating 
variables. In this case simply dividing by the product solution, while still necessary, will not be 
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sufficient to separate the variables. We are also going to have to multiply by r” to completely 
separate variables. So, doing all that, moving each term to one side of the equal sign and 
introduction a separation constant gives, 

ie dG 7 ld’g_, 

Gadr\. dr gp do” 


We used J as the separation constant this time to get the differential equation for @ to match up 
with one we’ ve already done. 


The ordinary differential equations we get are then, 


£(r@|-aG=0 Tf 19 =0 
G(0)|<x o(-n)=0(2)  — Li-n)=22(x) 


do — dé 


Now, we solved the boundary value problem above in Example 3 of the Eigenvalues and 
Eigenfunctions section of the previous chapter and so there is no reason to redo it here. The 
eigenvalues and eigenfunctions for this problem are, 


A= 9, (@)=sin(n8) 21,23, 
A= 9”, (0) =cos(n8) n= 0,123.3: 


Plugging this into the first ordinary differential equation and using the product rule on the 
derivative we get, 


dr 
2 
as —-n'G=0 
dr dr 
2 
pce aac °G=0 
dr dr 


This is an Euler differential equation and so we know that solutions will be in the form 


G(r) =r? provided p is a root of, 
p(p-1)+p-n’ =0 
p-n =0 => pain n=0,12,3...: 


So, because the n = 0 case will yield a double root, versus two real distinct roots if 7 #0 we 
have two cases here. They are, 


G(r)=c,+¢,lnr n=0 


G(r)=ar"+¢r" #2 1,2;3.2%: 
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Now we need to recall the condition that IG (0)| <0. Each of the solutions above will have 
G (r) — oo as r—>0 Therefore in order to meet this boundary condition we must have 

c, =c, =0. 

Therefore, the solution reduces to, 


G(r)=e,r" n=0,1,2,3.,... 


and notice that with the second term gone we can combine the two solutions into a single 
solution. 


So, we have two product solutions for this problem. They are, 


u, (r,0) = A, r” cos(n@) n=0,1,2,3,... 
u,(r,0) = B,r” sin(n@) n=1,2,3.... 


Our solution is then the sum of all these solutions or, 


)=04, r” cos ( (nO)+ 2 8, r” sin ( (n@) 


n=0 n=l 


Applying our final boundary condition to this gives, 
u(a,0)=f )=04, a” cos(n@)+ )+¥B, a” sin(n@) 


n=0 n=l 


This is a full Fourier series for f (0) on the interval -7<@<z,i.e. L=z. Also note that 


once again the “coefficients” of the Fourier series are a little messier than normal, but not quite as 
messy as when we were working on a rectangle above. We could once again use the 


orthogonality of the sines and cosines to derive formulas for the A, and B, or we could just use 


the formulas from the Fourier series section with L = 7 to get, 
1 px 
=— me _f(0)a0 
olf f (9)cos(nd)d@ n=1,2,3.... 


"—-(" ¢(9)sin(n0)dO AQ sin. 
a ~["F( )sin (0) n 


Upon solving for the coefficients we get, 


1 pz 
A, =5-|_,f(0)4e 


1 ez 
A,= 7 0)dé = es Nee 
n ra" ma )ecos(n ) Se 
1 ez 
B,=— @)sin(n@)dé S12 osha 
n ra’ [Sl )sin (1 ) uy 
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Prior to this example most of the separation of variable problems tended to look very similar and 
it is easy to fall in to the trap of expecting everything to look like what we’d seen earlier. With 
this example we can see that the problems can definitely be different on occasion so don’t get too 
locked into expecting them to always work in exactly the same way. 


Before we leave this section let’s briefly talk about what you’d need to do on a partial disk. The 
periodic boundary conditions above were only there because we had a whole disk. What if we 
only had a disk between say @<O<f. 


When we’ ve got a partial disk we now have two new boundaries that we not present in the whole 
disk and the periodic boundary conditions will no longer make sense. The periodic boundary 
conditions are only used when we have the two “boundaries” in contact with each other and that 
clearly won’t be the case with a partial disk. 


So, if we stick with prescribed temperature boundary conditions we would then have the 
following conditions 


lu(0,8)| <2 

u(a,0)= f(@) <O0<B 
u(r,a@)=g,(r) a7SG 
u(B)=e(0 a 


Also note that in order to use separation of variables on these conditions we’d need to have 
2) (r) =2, (r) = 0 to make sure they are homogeneous. 


As a final note we could just have easily used flux boundary conditions for the last two if we’d 
wanted to. The boundary value problem would be different, but outside of that the problem 
would work in the same manner. 


We could also use a flux condition on the r =a boundary but we haven’t really talked yet about 
how to apply that kind of condition to our solution. Recall that this is the condition that we apply 
to our solution to determine the coefficients. It’s not difficult to use we just haven’t talked about 
this kind of condition yet. We’ll be doing that in the next section. 
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Vibrating String 


This will be the final partial differential equation that we’ll be solving in this chapter. In this 
section we’ll be solving the 1-D wave equation to determine the displacement of a vibrating 
string. There really isn’t much in the way of introduction to do here so let’s just jump straight 
into the example. 


Example 1 Find a solution to the following partial differential equation. 
Ou  »0'u 


ee Ox? 
u(x0)= F(x) — 2(x,0)=8(x) 
u(0,t)=0 u(L,t)=0 


Solution 

One of the main differences here that we’re going to have to deal with is the fact that we’ve now 
got two initial conditions. That is not something we’ve seen to this point, but will not be all that 
difficult to deal with when the time rolls around. 


We’ve already done the separation of variables for this problem, but let’s go ahead and redo it 
here so we can say we’ve got another problem almost completely worked out. 


So, let’s start off with the product solution. 


u(x,t) = p(x)A(t) 


Plugging this into the two boundary conditions gives, 
9(0)=0 g(L)=0 


Plugging the product solution into the differential equation, separating and introducing a 
separation constant gives, 


S(ols)n(y) =e S(os)H(0) 
o(x)obaen( tt 
1 dh 1@o 


We moved the c’ to the left side for convenience and chose —/ for the separation constant so 
the differential equation for @ would match a known (and solved) case. 


The two ordinary differential equations we get from separation of variables are then, 


2 2 
Eh p20 ay 
dt dx 


y(0)=0 p(L)=0 


+1p 
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We solved the boundary value problem above in Example 1 of the Solving the Heat Equation 
section of this chapter and so the eigenvalues and eigenfunctions for this problem are, 


2 
Ri. -(¥) o,(s) =sin( "| n=1,2,3,... 


The first ordinary differential equation is now, 


dh (nmcy 
dt L 
and because the coefficient of the / is clearly positive the solution to this is, 


nict . ( nact 
h(t) =c, cos +c, sin 
L L 
Because there is no reason to think that either of the coefficients above are zero we then get two 


product solutions, 
nact\ . {nmx 
u,(x,t)= A, cos( )sin( 2) 


L 
u,, (x,t) =B, sin( 2" sin{ 22%) 


The solution is then, 
= t)\. : t\. 
u(x,t) = » A, COS ee yes +B sin sell i ecates 
n= L L L L 


Now, in order to apply the second initial condition we’ll need to differentiate this with respect to t 


So, 
Ou - NIC . {| nact). (nax NIC nact).{nawx 
—= == A Sin) ——— |sin +—— B, cos} —— |sin 
ot “a L L L L L L 


If we now apply the initial conditions we get, 


n=1,2,3,... 


oO 


H(s0)=/00)= 4 cos(0)sin( "£0, sin(o)sin( “*)] =" 4, sin 22) 


n=l 


(50) = g(x) = eB, sin( 24 


Both of these are Fourier sine series. The first is for f (x) on 0<x<L while the second is for 
g(x) on 0<x<L witha slightly messy coefficient. As in the last few sections we’re faced 
with the choice of either using the orthogonality of the sines to derive formulas for A, and B, or 


we could reuse formula from previous work. 


It’s easier to reuse formulas so using the formulas form the Fourier sine series section we get, 
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Ts 
ese F(s)sinl "a n=1,2,3,... 
Ee L 
NIC Dire NX 
—B,=—]| g(x)sin dx n=1,2,3,... 
L are L 


Upon solving the second one we get, 


Dei . 

4-2 #(x)sin “Ja n=1,2,3,... 
L), L 
a) L 


B,=— e(x)sin( 2 Ja n=1,2,3,... 


nic ) 9 


So, there is the solution to the 1-D wave equation and with that we’ve solved the final partial 
differential equation in this chapter. 
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Summary of Separation of Variables 


Throughout this chapter we’ve been talking about and solving partial differential equations using 
the method of separation of variables. However, the one thing that we’ve not really done is 
completely work an example from start to finish showing each and every step. 


Each partial differential equation that we solved made use somewhere of the fact that we’d done 
at least part of the problem in another section and so it makes some sense to have a quick 
summary of the method here. 


Also note that each of the partial differential equations only involved two variables. The method 
can often be extended out to more than two variables, but the work in those problems can be quite 
involved and so we didn’t cover any of that here. 


So with all of that out of the way here is a quick summary of the method of separation of 
variables for partial differential equations in two variables. 


1. Verify that the partial differential equation is linear and homogeneous. 


2. Verify that the boundary conditions are in proper form. Note that this will often depend 
on what is in the problem. So, 

a. Ifyou have initial conditions verify that all the boundary conditions are linear 
and homogeneous. 

b. If there are no initial conditions (such as Laplace’s equation) the verify that all 
but one of the boundary conditions are linear and homogeneous. 

c. In some cases (such as we saw with Laplace’s equation on a disk) a boundary 
condition will take the form of requiring that the solution stay finite and in these 
cases we just need to make sure the boundary condition is met. 


3. Assume that solutions will be a product of two functions each a function in only one of 
the variables in the problem. This is called a product solution. 


4. Plug the product solution into the partial differential equation, separate variables and 
introduce a separation constant. This will produce two ordinary differential equations. 


5. Plug the product solution into the homogeneous boundary conditions. Note that often it 
will be better to do this prior to doing the differential equation so we can use these to help 
us chose the separation constant. 


6. One of the ordinary differential equations will be a boundary value problem. Solve this 
to determine the eigenvalues and eigenfunctions for the problem. 


Note that this is often very difficult to do and in some cases it will be impossible to 
completely find all eigenvalues and eigenfunctions for the problem. These cases can be 
dealt with to get at least an approximation of the solution, but that is beyond the scope of 
this quick introduction. 


7. Solve the second ordinary differential equation using any remaining homogeneous 
boundary conditions to simplify the solution if possible. 


BeatriceGloria_personal library 
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8. Use the Principle of Superposition and the product solutions to write down a solution to 
the partial differential equation that will satisfy the partial differential equation and 
homogeneous boundary conditions. 


9. Apply the remaining conditions (these may be initial condition(s) or a single 
nonhomogeneous boundary condition) and use the orthogonality of the eigenfunctions to 
find the coefficients. 


Note that in all of our examples the eigenfunctions were sines and/or cosines however 
they won’t always be sines and cosines. If the boundary value problem is sufficiently 
nice (and that’s beyond the scope of this quick introduction to the method) we can always 
guarantee that the eigenfunctions will be orthogonal regardless of what they are. 
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